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Distributed Commit Protocols
for Nested Atomic Actions

by

Sharon Esther Perl

Abstract. Nested atomic actions are a useful tool for building robust distributed
programs. This thesis examines two aspects of the design of commit protocols for
nested actions: semantics and efficiency.

Most existing protocols provide relatively weak guarantees about when sites learn
the outcomes of actions. We introduce the notion of an eager diffusion semantics for
action completion. A protocol that supports eager diffusion guarantees that a site in
a distributed system knows as much about commits and aborts of actions as do the
actions running at the site. In particular, if an action requesting a lock on an object
knows that the lock is available, perhaps because it observed the commit or abort of
the former holder of the lock, then the site managing the lock can grant the request
based on purely local information; no communication with other sites is required.

The focus of the work is the design and rigorous correctness proof of a new nested
action commit protocol that supports eager diffusion. The protocol works by pig-
gybacking information on existing messages flowing around the system. A series of
optimizations that reduce the amount of information added to messages and stored
at sites lays the groundwork for an efficient implementation of the protocol. The
optimizations generalize ad hoc techniques used in existing systems, and the proof
defines the assumptions needed to ensure the correctness of the optimizations.

Even the most efficient of the protocols used in existing systems still have perfor-
mance problems. We suggest how to apply our optimization techniques to improve
the performance of nested action commit protocols that provide only a weaker seman-
tics than eager diffusion, of which the protocol used in the Argus distributed system
is an example.

Keywords: Commit Protocols, Transactions, Nested transactions, Atomicity, Dis-
tributed computer systems, Eager diffusion, Argus, I/O automata

This report is a modified and extended version of a Master's thesis of the same title,
submitted to the Department of Electrical Engineering and Computer Science on 30
October, 1987. The thesis was supervised by Professor William E. Weihl.
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Chapter 1

Introduction

Concurrency and failures are two of the significant characteristics that make the pro-
gramming of distributed systems more difficult than the programming of centralized
systems. Nested atomic actions are a useful programming tool for constructing soft-
ware for reliable distributed systems because they help the programmer to cope with

concurrency and failures. Many commit protocols have been designed for single-level
action systems. This thesis is concerned with the design of efficient commit protocols
for nested actions.

The complexity of reasoning about programs increases significantly when con-
currently executing programs may interact and when failures of system components
may prevent parts of computations from completing. Single-level atomic actions
have long been recognized as a helpful tool for building reliable distributed programs
[Lampson 1981]. An atomic action-or simply, an action-is a unit of computation
that is serializable and recoverable. Serializability means that actions that execute at
the same time appear to execute in some non-overlapping order; the correctness of
a single action may be determined independently of the other actions in the system.
Recoverability means that an action appears to execute either completely (it com-
mits) or not at all (it aborts); a running action that encounters a failure may abort
in order to avoid leaving the system in an inconsistent state.

Atomic actions can be generalized to nested atomic actions by using subactions
to build higher-level actions in a hierarchical fashion, forming trees of nested actions
with topactions at the roots [Moss 1981]. In talking about nested action systems,
we use the term action to refer to both topactions and subactions. Subactions are
serialized relative to other subactions that share the same parent (their siblings) in
the action tree. The commit of a subaction is contingent upon the commit of all of
its ancestors up to its topaction; the effects of a subaction are undone if one of its
ancestors aborts.

One problem in implementing single-level atomic actions is to ensure that the
decision to commit or abort each action is consistent for all sites in the system.
This same problem exists in nested action systems for determining the outcomes of
topactions. We call a protocol that solves this problem a toplevel commit protocol.

11
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The literature abounds with discussions of toplevel commit protocols, a well-known
example being two-phase commit [Gray 1979].

In nested action systems there is the additional problem of committing and abort-
ing subactions. The requirements for handling subaction completion are less stringent
than those for topactions. It is not necessary to ensure that all sites involved in a
subaction agree on its outcome ahead of time, since the effects of a subaction may be
undone any time before its topaction cormnits by aborting an ancestor of the subac-
tion. It is necessary, however, for sites involved in the subaction to have the means
of learning the outcome when they need the information and for all sites to receive
consistent reports about the outcome.

Some designers of nested action systems have taken the view that action com-
pletion should be handled uniformly at ali levels of the action tree, and thus have
used toplevel commit protocols to handle subaction completion as well (e.g., see
[Allchin 1983]). While this is valid, it increases the expense of subactions., making
them less useful than they might otherwise be. Other designers of nested action
systems have taken advantage of the differences between topactions and subactions,
introducing more efficient methods for handling subaction completion [Liskov 1984,
Spector et al. 1987].

1.1 Motivation

Nested actions have been incorporated into distributed programming systems for vari-
ous research projects (e.g., Argus [Liskov 1984], Camelot [Spector et al. 1987], Clouds
"Allchin 1983], and Locus [Mueller et al. 1983]). Each of these systems employs some
protocol for handling nested action completion. Our motivation in undertaking fur-
ther studv of the problem is twofold. First, the protocols used in existing systems
vary widely in efficiency; some have proved to be completely impractical while others
provide reasonable performance for the prototype systems in which they run. Even
in the more successful cases, however, there seem to be opportunities to improve per-
formance by introducing optimizations and taking better advantage of information
already present in the systems. Second, most existing protocols that we know of pro-
\ide only relatively weak guarantees about when sites learn the outcomes of actions.
This is true of toplevel commit protocols as well as nested action commit proto-
cols. Experience with distributed applications [Greif et al. 1987] has indicated that
support for a stronger semantics would aid programmers in their efforts to provide
certain types of services.

The Locus and Argus systems provide examples of two extremes in approaches to
handling nested action completion with regards to efficiency. The protocol used in an
early version of the Locus distributed operating system forces a committing subaction
to wait until all participating sites are informed of the commit, thus introducing
significant delays at all ievels of the action tree. The protocol used in the Argus
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programming language and system is based on a kind of lazy evaluation technique,
and avoids the delays at action commit and abort time that are present in the Locus
protocol. In Argus, when a site needs to know the outcome of an action it queries
another site that has the information. However, a single query does not always
suffice; many queries may be required to determine the outcome. Communication
with remote sites always introduces delay, and under the Argus scheme the delay is
introduced exactly at the time when the information is required by the querying site.

Both the Locus and Argus protocols provide relatively weak guarantees about
when sites learn of the completions of actions. Specifically, the programmer of an
action may not assume that another action is committed or aborted at all objects
in the system as soon as it is "observed" to be committed or aborted at some of
them. If an action is forced to wait for a lock upon request, this will be noticeable
as a delay until the site managing the lock can obtain the necessary information to
grant the lock. More importantly, if an action may test the availability of a lock
without waiting, then it may be informed that it cannot obtain the lock, contrary
to expectation.1 The Locus protocol supports a slightly stronger semantics than the
Argus protocol in that when an action runs sequentially after another action, the
second action will observe the first one to be completed at all sites. However, Locus
is not able to make this guarantee for actions that run concurrently with one another.

The Locus protocol was eventually judged impractical by its designers. The Argus
protocol appears to work acceptably, though there still seem to be optimizations that
could reduce the number of query messages and their accompanying delays, as we
will discuss in Chapter 4. However, the lack of support for a stronger semantics
has presented problems in attempts to build some applications, as evidenced by the
problems encountered by the designers of CES [Greif et al. 1987].

CES is a distributed collaborative editing system implemented in Argus that al-
lows several authors to cooperate in writing a document. One requirement of CES is
that it permit users to edit documents concurrently, while minimizing delays encoun-
tered by one user because of another user's activities. Another requirement is that
the consistency of the data must be maintained, even in the presence of concurrency
and failures. The implementors of CES encountered problems with Argus in trying
to provide the desired semantics for a primary data structure, called a version stack,
that supports concurrent access to document sections.

CES permits an author to establish versions of document sections and to revert
to a previous version. At the same time, any author can read the entire document
while others are editing parts of it. Only one author can modify a section at a time.
If one author has written a tentative version of a section and another tries to read the
same section, the reader will get the most recent version. Multiple versions of each

1This capability is useful for implementing highly concurrent atomic data types; see Section 2.3.2
for more information.
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1st action 2nd action
starts at A starts at A

1st 2nd
user's site A site B action action

with document writes reads
section at B at B

Figure 1.1: A problem with version stacks. The user is at site A editing a document
section stored at site B. The relationship between the actions that write and read the
section is shown at right. The arrow from the first action to the second means that
the first actions runs entirely before the second.

document section are maintained in a stack, with the usual operations provided to
push a new version onto the stack, pop a version off the stack, read the top of stack
and reset the stack. An additional operation, called fasttop, is provided to permit
fast response time when authors read sections that are being modified simultaneously
by other authors. While the top operation always returns the top version on a stack,
waiting if necessary until the action currently modifying the version has completed,
the fasttop operation nondeterministically returns some version that is guaranteed to
be no older than one returned in a previous call (unless there has been an intervening
pop or reset operation). The specification of fasttop also requires that the version
returned be as recent as possible.

The problems encountered in implementing CES were fairly complex. We will
consider an example problem similar to one in CES, but simpler, to illustrate the
semantic problems with Argus' handling of nested actions. The problem involves
providing a reasonable specification for version stacks. The scenario is illustrated in
Figure 1.1. Suppose a user is working at site A, and part of the document is stored
at site B. The user could make a change to a document section stored at site B in
one action. Once that action has committed, the user could use the fasttop operation
to see that part of the document. If site B does not yet know that the first action
committed, the fasttop operation might return an older version of the section. The
user knows that the section has been changed and that the modifications have been
committed, but until the commit event is known at all sites involved he may see
information that is out of date.

This seemingly strange behavior results from the way in which Argus processes
commits and aborts. Supposc the two actions run by the CES user are separate
topactions. When the first action commits, all locks it holds on objects at site B can
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be released. Since the second action runs only after the first action commits, when
the second action tries to read those same objects it should be able to obtain any
locks that were held by the first action. However, the Argus commit protocol allows
the second action to begin executing as soon as the first action's commit is decided
at site A, and possibly before other sites learn of the commit. Since site B may not
yet have learned that the first action committed, it may not be able to grant the
locks to the second action. If the second action only tests whether particular locks
are available, without waiting for the site to find out about the commit of the first
action, then it will be told that the locks are unavailable. This is what happens when
the second action performs the fasttop operation. Given the limited guarantees that
Argus can make about propagation of commit and abort information, there is no way
to implement version stacks to provide a more reasonable behavior for fasttop.

A similar problem can also occur in Argus if, instead of peforming the remote
accesses to the document as different topactions, the accesses are performed in sub-
actions. This problem is not limited to Argus; it is present in all systems that use
commit protocols similar to the one used in Argus. For example, the Camelot system
[Spector et al. 1987] has the same problem.

In general, the types of applications that could benefit from the eager diffusion
semantics (and, accordingly, could suffer from a lazy diffusion semantics) are those in
which a high degree of concurrency is achieved through the use of non-determinism
in the specification. Eager diffusion allows the application designer to limit the non-
determinism in the specification, thereby eliminating some behaviors that might seem
suprising or unacceptable to the user. Another example of this problem appears in
[Weihl 1984] in the context of a data type specification for a highly concurrent queue,
called a semiqueue. In Weihl's example, the problem can be solved without our full
distributed protocol. However, the semantic issue is the same.

In addition to the problems with semantics, the work on CES also reveals effi-
ciency problems when large numbers of query messages are generated. The Argus
implementation has since been modified to eliminate the particular efficiency prob-
lems encountered in [Greif et al. 1987]. However, the solution is fairly specific to the
situations that arose in that work.

1.2 Approach
In the research reported in this thesis we have tried to examine the semantic problems
with known commit protocols for nested actions in a systematic and general way. Most
existing nested action commit protocols guarantee only that a site will eventually learn
the outcome of an action. The strongest guarantee that could possibly be stated for
propagation of commit and abort information is that as soon as the outcome of an
action is decided at one site, then it is known at every site. Clearly, this is impossible
in a distributed system where there are communication delays and sites may be down
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at various times. Instead, we introduce the notion of an eager diffusion semantics
for propagation of commit and abort information and describe a new protocol that
supports this semantics. Eager diffusion requires that once an action "learns" about
the commit or abort of another action at a site, it will retain that knowledge at
every other site it visits. Thus, in the CES example above, when the second action
is started at site A, it implicitly knows that the first action must have committed,
and it will retain that knowledge when it visits site B. This contrasts with the lazy
diffusion semantics provided by most commit protocols, including those in Argus and
Locus. The lazy diffusion semantics is so-named because of the "lazy" way in which
information about commits and aborts is diffused through the system. (Argus is the
"laziest" in this respect).

For concreteness, we restrict our attention in this thesis to systems that use locking
for concurrency control (as Argus does). We make the definition of eager diffusion
more specific by requiring that a site have enough local information to grant a lock
to a requesting action if the action knows that it ought to be able to obtain the lock.
An action's knowledge includes its state (data and control information), the programs
of potentially all other actions running in the system, as well as all deductions that
can be made from this knowledge. A site's information includes the states of locks at
the site (the current lock holders and requestors), as well as explicit information that
has been recorded at the site about commits and aborts of actions. A site does not
attempt to interpret an action's state or program. The job of a protocol that supports
eager diffusion is to ensure that a site's information about availability of local locks
is at least as complete as the knowledge of each action running at the site. Chapter 3
describes in detail how an action can know that it ought to be able to obtain a lock.
Although we have not yet studied the problem carefully, we believe that it is possible
to develop reasonable interpretations for the eager diffusion semantics in systems that
use other methods of concurrency control, such as optimistic schemes or timestamp
schemes (e.g., [Kung & Robinson 1981, Reed 1978, Weihl 1984]).

The protocol that we have designed to support eager diffusion works by piggy-
backing information about commits and aborts of actions on messages that already
flow around the system (e.g., remote procedure call and reply messages and toplevel
commit messages). Actions spread through the system via such messages and the pro-
tocol essentially guarantees that everything that an action knows is carried with it in
its travels. As the basis for a practical implementation of such a protocol we introduce
several optimizations that allow us to reduce the amount of explicit information that
must be added to messages. One optimization takes advantage of information about
action trees encoded in action identifiers (the names of actions) to make inferences
about which other actions must have committed or aborted. Another optimization
uses the absence of information about aborts to infer that particular commits must
have occurred.

Our proposed protocol does not subsume other protocols that support the lazy
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diffusion semantics, but rather works in tandem with them. Our protocol guarantees
that a site knows as much as an action requesting a lock at the site knows. Eager
diffusion does not address the case where an action does not know that it can get a
lock. In that case, we resort to some other protocol to ensure that the site eventually
obtains enough information to release the lock.

We have not yet implemented our protocol. Thus we do not have any concrete
results about its practicality. There is a problem of garbage collecting the commit
and abort information that must be maintained at each site. Provided that this
problem can be solved, we do believe that our optimizations can limit the amount
of information added to messages enough that the additional information should
not pose efficiency problems in most cases. We suggest one solution to the garbage
collection problem in Chapter 4, but we are not yet convinced that the solution is
practical. There may be other, more practical solutions.

Whether or not our protocol to support eager diffusion proves to be practical,
we have found that a number of the optimizations developed for our protocol could
also be incorporated into Argus (and similar systems) to improve its performance ;n
supporting lazy diffusion. We describe this in detail in Chapter 4.

1.3 Related Work

Much of the initial inspiration for our nested action commit protocol derives from
work on an orphan detection algorithm for Argus [Liskov et al. 1987c, Walker 1984].
This algorithm piggybacks information on existing messages in the same way that
our protocol does, although the actual information is somewhat different. The idea
of using the absence of abort information to infer commits is used in the Argus
implementation to reconstruct portions of action trees based on abort information
passed up the tree as actions commit [Liskov et al. 1987a]. It is similar in flavor to
the presumed abort and presumed commit variations on two-phase commit described in
[Mohan & Lindsay 1983]. The scheme that we suggest for garbage collecting commit
and abort information in our protocol is based on one developed for Argus orphan
detection. [Liskov et al. 1987c].

Not surprisingly, much of the formal work on proving the correctness of our pro-
tocol borrows from work on proving the correctness of the Argus abort orphan algo-
rithm, presented in [Herlihy et al. 1987]. The part of the proof in Appendix B also
uses ideas from [Fekete et al. 1988].

The problem of designing commit protocols for toplevel actions, where
the goal is to reach agreement on outcomes of actions among all involved
sites, has been a fertile area of research for some time. For example, see
[Gray 1979], [Mohan & Lindsay 1983], [Lampson 1981], [Lindsay et al. 1979], and
[Lindsay et al. 1984] for descriptions of the two-phase commit protocol and its vari-
ations, and [Skeen 1981] and [Dwork & Skeen 1983] for descriptions of non-blocking
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and three-phase commit protocols. Note that the "nested two-phase commit proto-
col" described in [Gray 1979] is also a toplevel commit protocol; the term "nesting"
in that context describes the pattern of communication among participants and has
nothing to do with nested actions.

There have been a number of research projects involving the design and imple-
mentation of distributed programming systems incorporating nested actions. Some
of the more prominent ones are:

* Argus [Liskov et al. 1987a]. Argus's handling of nested action commit will be
described in detail in Chapter 2.

" Locus [Mueller et al. 1983, Weinstein et al. 1985]. As we have already men-
tioned, early versions of Locus introduced significant delays at each level of the
action tree when committing or aborting nested actions. Later versions of Locus
do not have true nested actions, apparently because the earlier implementation
of nested actions in Locus proved too expensive.

" Camelot [Spector et al. 1987, Spector & Swedlow 1987]. Essentially, the Argus
nested action commit protocol is used. Camelot's model of nested actions is
slightly different from Argus's-for example, Camelot allows individual actions
to be distributed-and the protocol is modified, as necessary, to accommodate
the differences. The designers of Camelot have recently begun looking into
possibilities of piggybacking information on messages in order to reduce lock
propagation queries [Duchamp 1987].

* Clouds [Allchin 1983, Kenley 1986]. A two-phase commit protocol is used to
commit each nested action. The Clouds designers have taken the view that
the commit protocol should be as uniform as possible at all levels of the action
tree. Unlike Argus (and like Camelot), Clouds does not require remote calls
to be performed in new subactions. Thus the programmer is not forced to
introduce subactions as frequently as in Argus. However, making subactions
more expensive limits their usefulness.

" ISIS [Joseph & Birman 1986, Birman & Joseph 1987]. The second (most re-
cent) version of ISIS abandoned nested actions. The first version of ISIS (which
we refer to as ISIS-l) is based on nested actions, though in a somewhat re-
stricted form since it does not allow sibling actions to run concurrently. Subac-
tion commit and abcrt in ISIS-1 is handled by broadcasting the outcome to all
participant sites at each level of the action tree using the ISIS-1 obcast broadcast
primitive. Because of the ordering properties guaranteed by obcast, returns of
remote procedure calls need not be delayed while the outcome of the called ac-
tion is being broadcast. Although it is difficult to tell from the papers, it seems
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that ISIS-1 does support the eager diffusion semantics, at least for information
about commits. It is not clear what happens in the case of aborts, where the
set of participating sites may not be known by the process sending the abort
notification. The work involved in piggybacking commit and abort information
(actually, broadcast messages in general) and ensuring that information arrives
in an order consistent with the causal relationships of messages is handled by
the underlying broadcast primitives. It is worth noting that ISIS-1 also has a
problem of distributed garbage collection of the information sent around on ob-
cast messages. Their problem is somewhat more amenable to efficient solution
than ours because they can detect when information may be discarded. Issues
of garbage collection in our protocol are discussed in Chapter 4.

1.4 Roadmap

The remainder of the thesis is organized as follows. Before presenting our protocol,
we describe informally, in Chapter 2, the model of nested action systems upon which
we base our protocol. Chapter 3 presents a simplified version of the protocol that sup-
ports eager diffusion, along with informal correctness arguments. Chapter 4 describes
optimizations that can be applied to the simplified protocol to make it practical. The
chapter also discusses other efficiency issues, including the garbage collection problem
and interactions with orphan detection, and it describes how to adapt some of the
optimizations to improve protocols that support only lazy diffusion. In Chapter 6
we give a rigorous correctness proof (in the Lynch-Merritt formal model of nested
transaction systems) for the simplified protocol presented in Chapter 3. Chapter 7
summarizes and concludes the thesis, with mention of further work that could be
done. The two appendices supplement the proof in Chapter 6.



Chapter 2

The System Model

This chapter describes the model of distributed compuitation upon which we build
our commit protocols. The model we employ is that of the Argus programming
language and system [Liskov et al. 1987a, Liskov 1984, Liskov & Scheifler 1983], al-
though many of the properties that we rely upon are not unique to Argus. We have
chosen to provide concrete descriptions of properties of the Argus nested action model
that may be less general than actually required, in the hope that this will help the
reader to envision more clearly the type of system we have in mind.

2.1 Low-level System

At a low level of abstraction, a distributed system is composed of a collection of
nodes connected by a communications network. Distinct xiode coinnunicate with
each other only by sending messages (of unrestricted length) over the network. Nodes
are typically individual computers, and may be uniprocessors, multiprocessors, time-
sharing machines, single-user workstations, etc. All components of the system may
fail. Nodes may crash or otherwise fail, although we do assume that when a node fails
any messages it sends are detectably invalid. The network may fail by partitioning,
and messages may be lost, duplicated, delayed, or delivered out of order. We assume
that failures are eventually repaired; nodes eventually recover from crashes and par-
titions are eventually mended. Nodes have access to both stable and volatile storage.
Volatile storage is lost in a crash, while stable storage is intact upon the recovery of
a node [Lampson 1981].

2.2 Guardians

At a high level of abstraction, we view a distributed system as a collection of
guardians. A guardian is an active entity that encapsulates and provides access to
one or more resources. Each guardian provides handlers, which are similar to abstract
data type operations, that other guardians may call to access the guardian's resources.
Contained inside each guardian are dynamic collections of processes and abstract data

20
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objects. Processes within a guardian may access the guardian's resources and manip-
ulate the guardian's objects directly, without going through handlers.

A guardian resides at a single node in the network, although many guardians
may reside at the same node. Each guardian has its own separate address space.
Objects that are provided as arguments or results of handler calls are passed by
value; a guardian may not have a direct pointer into another guardian's address
space. Guardians themselves, and their handlers, are the only entities in the system
that are passed by reference in remote calls and that may actually be shared among
processes in different guardians.

Guardians are resilient; they survive crashes of their nodes with high probability.
The objects in a guardian are designated as either stable or volatile. Stable objects
survive crashes with very high probability and are recovered when the guardian is
restarted after a crash. Volatile objects are lost in a crash. Thus the permanent
state of a guardian must be kept in stable objects. Volatile objects are used to store
redundant information (e.g., an index into a database) or information that can be
discarded in a crash (e.g., internal process state). All objects in a guardian are stored
in a single garbage-collected heap in volatile memory. Stable objects are written to
stable storage devices as necessary.

Processes in a guardian are created dynamically, as needed, to service incomming
handler calls and to perform background tasks. All processes have access to the
guardian's heap, but each process has its own execution stack. The guardian is
responsible for scheduling its processes; the processes will timeshare a single processor,
while on a npultiprocessor they may run concurrently.

Handlers are invoked using remote procedure call (RPC). A caller initiates an RPC
by sending a call message to the guardian of the handler being called and then waits
for a reply message before proceeding. The call message contains the arguments
for the handler. The guardian receiving the message runs the call and then sends
back a reply message with the results. We assume that RPCs have a zero or once
semantics. That is, a call either runs exactly once or appears as if it never ran at all.
A handler will never execute only partially at the called guardian. This semantics
may be ensured, even in the presence of failures, by using actions.

2.3 Actions and Objects

Actions (also called transactions) are a mechanism for maintaining consistency of
data in the presence of concurrency and failures. While actions are important in cen-
tralized systems, and have been used in database work for quite some time, they are
particularly useful in distributed systems where the failure modes are more numerous
and complex. Programs that modify objects at multiple guardians may partially fail
(if one guardian crashes) while other parts of the program continue to run. Commu-
nication failures may prevent programs from running to completion after they have
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already modified objects. Actions provide a means for the programmer to cope with
these failures.

Actions delimit computations and run in processes at guardians. The two prop-

erties of - -tions that ensure that objects manipulated by the computations can be
kept consistent in the presence of concurrency and failures are known as serializability

and recoverability (or totality). Serializability means that when actions are executed

concurrently, the effect is as if they were run sequentially in some order. This allows
the programmer of an action to ignore concurrency, simplifying the reasoning about

manipulations of objects. Recoverability means that an action either runs successfully
to completion (it commits) or else has no effect at all (it aborts). In the event that a
failure occurs during an action, the action may simply abort, undoing all modifica-
tions that the computation has made thus far. When an action commits, the system
ensures (with very high probability) that its effects will not be lost due to failures.

The abstract objects inside guardians encapsulate data. The system provides a

number of built-in abstract data types, as well as facilities for building user-defined

abstract types. Actions and objects work together, as described below, to ensure
atomicity.

2.3.1 Nested Actions

Our model permits actions to be nested. A nested action is one that is started from

inside another action. Actions may be nested to arbitrary levels, forming action trees

with topactions at the roots. Actions that are not topactions are called nested actions

or subactions. We use standard tree terminology in referring to the relationships
between actions, for example, parent, child, ancestor, and descendant. We define an
action to be its own ancestor and descendant, for convenience. An action's proper
ancestors (or proper descendants) are all ancestors (or descendants) of the action, not
including the action itself. We think of an action as containing all of its descendants.

Thus we will often talk about an "action" knowing a fact or running at a site when
we mean "a descendant of the action." The use should be clear from context.

Nested actions are particularly useful as a means to obtain checkpoints and con-

currency within actions. A subaction may be aborted without causing its parent
action to abort. Thus, the parent may create a subaction to attempt some compu-
tation, and if that computation fails, either go on with other computations or create
another subaction to retry the computation. In this way, the parent's state at the

time it starts the subaction is checkpointed'; the parent may perform further compu-
tation, through the subaction, and still return to its previous state (by aborting the
subaction) if that further computation fails.

Concurrency within an action is obtained by allowing a parent to start concurrent

'The term checkpoint, as used here, does not imply that state is saved in a way that survives
crashes.
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subactions. While a child action is running, its parent is suspended. However, sibling
subactions may execute concurrently. Siblings are serialized at each level of the
action tree. Thus there are no problems with concurrent siblings interfering with
one another. We refer to an action with concurrent siblings as a concurrent action.
Actions that do not have concurrent siblings are called sequential. Two siblings
that ran concurrently with each other are called concurrent siblings, and ones that
run sequentially with respect to each other are called sequential siblings (a sequential
sibling of an action may be a concurrent action itself). Sequential siblings are ordered
according to when they run. A prior sequential sibling (or later sequential sibling) of
an action is a sibling that runs entirely before (or after) the action.

The commit of a subaction is always relative to its parent. If a subaction commits
and its parent aborts, the effects of the subaction will be undone. When a subaction
T and all its ancestors up to its topaction commit, we say that T has committed to
the top. When T's topaction then commits we say that T has committed through the
top.

Another type of nested action, called a nested topaction, is sometimes useful. A
nested topaction is a topaction that is started from within some other action. A
nested topaction differs from a subaction in that the commit of a nested topaction is
independent of the commit of its parent and it is serialized relative to the topaction of
its parent. The commit of a nested topaction must be handled with a toplevel commit
protocol, since the results of the action become permanent upon its commit. Nested
topactions are used for performing benevolent side-effects, that is, computations whose
effects should persist even if the effects of the parent action are eventually undone.

Actions are named by action identifiers. An action identifier is structured and
contains information about the action tree of the action it describes. In particular,
an action identifier for an action contains a name for the action, the guardian at
which the action runs, and, in addition, the names of each of the action's ancestors
and the guardians where they run. Thus action identifiers are unbounded in size.
From the action identifiers for two actions it is possible to determine whether the
actions are related (i.e., descendants of the same topaction) and, if so, whether they
are descendants of sequential siblings or concurrent siblings.2 In our protocol we will
make use of the action tree information captured in action identifiers.

We mentioned in the previous section that the RPC semantics of zero or once
execution is accomplished using actions. Each action runs at exactly one guardian;
therefore, individual actions are not distributed. However, an action may create
nested actions that run at guardians other than its own. An RPC is performed from
inside an action as follows. First a call action is created as a subaction of the calling

2 Action identifiers in the current Argus implementation do not differentiate two actions that are

themselves concurrent but run sequentially with one another from two actions that run concurrently
with one another. It would not be hard to change this.
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Figure 2.1: An action tree.

action at the guardian of the caller. This call action creates its own subaction, the
handler action, at the called site. The handler action runs the code of the remote
call, completing by committing or aborting. If the handler action aborts, it is as if
the call never ran at all. If the handler action commits up to the call action, and
it in turn commits to the caller, then the RPC has happened exactly once. The
introduction of two subactions to perform an RPC makes it possible for either side of
the remote call to abort unilaterally if it encounters failures. For example, if the call
action does not receive a reply within a reasonable amount of time it may decide to
abort, causing modifications made by the handler action (which is the call action's
child) to be undone eventually. Similarly, the handler action may decide to abort if

the results cannot be communicated back to the caller or if the guardian executing
the handler action encounters problems.

We depict relationships among actions pictorially in action trees, as in Figure 2.1.
Nodes represent actions; they are labelled with the names of actions and, sometimes,
with the guardian at which the action runs. Branches show connections between
actions; children are drawn below their parents. In some examples, we wish to em-
phasize that particular siblings run sequentially or concurrently with one another.
In the figure, the arrow from A.1's branch to A.2's branch indicates that A.1 runs
sequentially before A.2. The parallel lines connecting the branches to A.2.1 and .4.2.2
indicate that these two actions run concurrently with one another. When the ordering
of the actions is not important, we omit the indication from the picture.

2.3.2 Atomic Objects

Objects inside guardians are of two kinds: atomic and non-atomic. Atomicity of
actions is achieved by using atomic objects. If all objects shared by a collection of
actions are atomic, then the actions are guaranteed to be serializable and recoverable.
Each atoniic on-ject does its part to ensure atomicity of actions by performing local
concurrency control and recovery.
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We assume that atomic objects synchronize the actions that access them using
locks. (In our discussions we mainly consider read/write locking, but the statements
should extend to any general conflict-based locking scheme.) Thus, before an action
can perform an operation on an object, it obtains a lock on the object in the appro-
priate mode (according to whether it only reads the data or modifies it as well). Any
number of actions may simultaneously hold read locks on an object but only a single
action, and its ancestors, may hold write locks on an object at a given time. That
is, an action T may obtain a write lock on an object if all current holders of read
and write locks on the object are ancestors of T, and T may obtain a read lock if all
current holders of write locks are ancestors of T.

For our purposes in describing commit protocols, the choice of recovery method
is not really important. However, for concreteness we may assume that recovery is
performed using versions. When an action first modifies an object, a new copy of the
object, called a version, is created and the modifications are made to the version. All
later reads by the action are performed on the action's version.

When a subaction that holds a lock commits, its lock and version, if there is one,
are propagated up to its parent; the parent automatically becomes the new logical
holder of the lock (see below). When an action aborts, all locks held by it are released
and all versions written by it are discarded. When a topaction commits, each version
written by it is installed as the new value of the object. (It is at the time of topaction
commit that stable objects must be copied from volatile memory to a stable storage
device).

We said that a parent automatically becomes the new logical holder of a lock when
one of its subactions commits. In fact, it may take some time for the information
about the commit of the subaction to reach the guardian of the object for which the
lock is held. When the information does reach the object's guardian, the parent can
actually be recorded as the current holder of the lock. A useful notion in dealing with
requests for locks is that of visibility. Suppose that an action T is requesting a lock
that is currently held in a conflicting mode by an action T'. We say that T' is visible
to T if T' is committed up to its least common ancestor with T. This implies that
the least common ancestor is the current logical holder of the lock, and thus the lock
may be propagated to it and then granted to T.

All bookkeeping information associated with an atomic object is maintained by
the guardian at which the object is located. This includes versions of the object, as
well as records of current lockholders.

The system provides a number of built-in atomic types. It also provides a mech-
anism for users to define new abstract atomic types that may possibly allow more
concurrency than the built-in types. In order to do this, it is necessary to allow
the programmer of a user-defined atomic type to "step outside" the action system.
Non-atomic objects are provided for this purpose. When an action modifies a non-
atomic object, the effects of the modification persist even if the action aborts. Also,
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non-atomic objects do not perform synchronization and thus an action could "see"
another concurrently executing action that accesses the same non-atomic data. The
system also provides low-level mutual exclusion primitives for the programmer of a
user-defined atomic type, as well as a means to test whether a lock on an atomic object
would be available to an action, without actually obtaining the lock. By combining
atomic and non-atomic data, mutual exclusion, lock testing, and careful program-
Ming, a programmer can define a new atomic type that will preserve atomicity of the
actions using it while providing a greater degree of concurrency than that provided
by the built-in types [Weihl 1984].

2.3.3 Action Completion

In order to commit a topaction, the system must execute a toplevel commit protocol
to ensure that the action either commits everywhere or aborts everywhere. We assume
that the two-phase commit protocol of [Liskov et al. 1987a] is used, and have tailored
wur later discussions to this assumption. However, there is no reason in principle
why our commit protocols for nested actions could not be made to work with other
toplevel commit protocols.

We briefly review the two-phase commit protocol below. More thorough discus-
sions of two-phase commit in general and two-phase commit in nested action systems
may be found in [Gray 1979) and [Liskov et al. 1987a].

The participants in the two-phase commit for a topaction are the guardians of
those descendants of the topaction that committed to the top. The coordinator is the
giardian where the topaction was created. In the first phase the coordinator sends
prrpare messages to all participants. Each participant records the versions written by
the preparing action to stable storage, writes a prepare record to stable storage, and
then responds "ok": if the participant is unable to record the necessary information,
then it responds "refused."

If all participants respond "ok," the coordinator records the commit of the
topaction in stable storage and enters phase two. In the second phase it notifies
all participants to commit the action. When a participant receives a commit mes-
sage, it records the commit on stable storage and then installs the action's versions
and releases its locks. If a participant refuses during the first phase, or does not re-
spond, the coordinator aborts the action and then attempts to notify the participants
,of the abort. If a participant receives such notification, it records the abort on stable
otorage and discards the action's versions and releases its locks. Notification of an
abort is not guaranteed to reach all participants. A participant may determine the
final outcome of a two-phase commit in which the topaction aborts using the same
(Iitry mechanism that is provided to handle subaction commits, described below.

There are two points about two-phase commit that must. be noted. A common
optimization in implementations of two-phase commit is to allow participants to re-
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lease read locks early, when they receive prepare messages in phase one. rather than
requiring read locks to be held until notification of the final decision arrives during
phase two. A write lock must be held until the outcome is known because the out-
come will determine whether new versions of objects are installed or discarded. Read
locks will simply be released no matter what the decision is, so it is most efficient to
release them as soon as it is known that the action holding the locks has completed
its computation. This optimization interacts with the nested action commit protocol
that we will present in the following chapters. To simplify the presentation we ini-
tially assume that this optimization is not performed. In Chapter 4 we will describe
how to relax this assumption and modify our protocol to allow the early release of
read locks.

The second point to note concerns topactions that are run sequentially in the same
process. Another kind of optimization of two-phase commit is to allow a later sequen-
tial topaction to be started in a process as soon as an earlier sequential topaction has
finished the first phase of its two-phase commit and the decision to commit or abort
it has been made. We do allow this optimization to be used.

We now describe a way to handle commits and aborts of nested actions. The
mechanism that we describe here ensures only the lazy diffusion semantics. We will
build our protocols on top of this mechanism and fall back on it when convenient.
Again, we give only a brief description. More information about this method of
committing nested actions may be found in [Liskov et al. 1987a].

Commits and aborts of nested actions do not require a two-phase commit protocol.
If a decision is made to commit a subaction and it turns out that not all guardians
visited by the subaction are able to carry out the commit, then the subaction may
be effectively aborted by aborting one of its ancestors. Thus the guardian where a
subaction runs decides independently to commit or abort the suba'-tion and notifies
only the subaction's parent of its decision via the RPC reply message. Compared
to the commit protocol for topactions, very little delay is introduced in the process
of committing or aborting a subaction. However, this means that other guardians
visited by the subaction may still be holding locks on behalf of the subaction even
after it commits or aborts.

If a lock held on behalf of one action is needed by another action, the guardian
where the lock is held can query to determine whether the lock can be released or
propagated. The query is typically directed to the guardian of the action that is the
least common ancestor of the action holding the lock and the action requesting the
lock. If that ancestor has aborted, or if it is known that the lock holder did not
commit to the least common ancestor, then the reply message will indicate that the
lock can be released. Otherwise, the guardian where the lock is held could query to
other guardians that may have information about the status of the lock requestor,
or it could simply wait and try querying to the least common ancestor at a later
time. When a guardian receives such a lock propagation query it may send a lock
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propagation query response message containing the reply or an indication that it does
not know the answer. A guardian that ran a subaction may decide to send courtesy
commit or abort messages to other guardians where the subaction is known to have
visited. These are like unsolicited lock propagation query responses. We refer to
both courtesy messages and query response messages, as well as two-phase commit
messages containing commit or abort information, as lock propagation messages.

2.3.4 Orphans

An orphan is a computation that continues to run even though its results are no longer
needed. Orphans arise in two ways: from aborts and from crashes. For example, the
caller of a remote subaction may abort or its guardian may crash, leaving the remote
subaction running as an orphaned action. Also, a guardian holding locks on behalf
of some remote action may crash while the action is still active, implying that the
action will never be able to commit through the top. In both cases, there is no point in
allowing the orphan to continue running since it or one of its ancestors will eventually
abort.

Orphans are undesirable for two main reasons: they waste resources (by wasting
processor time and holding locks that prevent other computations from proceeding)
and they may see inconsistent information. In an action system we need not worry
that orphans will corrupt permanent data because they will never be permitted to
commit through the top and thus their effects will eventually be undone. However,
when an orphan is abandoned by its caller, locks that the orphan assumes are still
held on its behalf may be released. This means that assumptions implicit in the
orphan's program may be violated, possibly causing unexpected program behavior
(for example, infinite loops or incorrect output).

Orphan detection (or orphan destruction) is the process of determining that com-
putations are orphans and killing them off. A desirable property of an orphan
detection method is that it identify and kill orphaned actions before the orphans
see inconsistent states and before they waste important resources. Typically, dif-
ferent methods must be used to detect abort orphans and crash orphans. A num-
ber of orphan detection schemes have been proposed (e.g., see [Liskov et al. 1987c,
McKendry &'. Herlihy 1987, Duchamp & Spector 19871) and we will not describe them
here. We discuss the interactions of orphan detection with our protocol in Chapter 4.

2.4 Summary

In summary, the following characteristics of nested action systems are assumed in the
descriptions of our protocol:

9 Active entities, called guardians, manage objects and nested actions. Each
action and object is local to some guardian.
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* Guardians support the creation of remote subactions through remote procedure
calls. Remote subactions are created by sending an RPC call message to the
guardian at which the action is to run. The results of the action, including
its completion status, are returned to the caller in an RPC reply message. The
action management facility in a guardian has access to all incoming and outgoing
RPC messages, and may piggyback unbounded amounts of information on these
messages.

* An action identifier contains the identities and home guardians of all ancestors of
the action it names. It is possible to compare two action identifiers to determine
whether the actions they describe are descendants of concurrent siblings or
sequential siblings; in the latter case, the action identifiers also indicate the
ordering of the actions.

* Concurrency control is accomplished using strict two-phase read/write locking
[Gray et al. 1976].

* A query mechanism exists to allow sites to determine the outcomes of actions. A
site wishing to determine the outcome of an action sends lock propagation query
messages and receives lock propagation query response messages. The query
mechanism guarantees only that the information returned in lock propagation
query responses is correct. No time bound on responses is assumed.

* The variation of the two-phase commit protocol employed in the Argus system
is used to commit topactions, with one exception. For most of our discussion
we do not allow read-locks to be released until after phase two has completed;
this restriction is relaxed in Chapter 4. Once a topaction has completed the
first phase of two-phase commit and its outcome has been determined, the next
sequential topaction in the same process may start executing.

* All messages that convey the completion status of an action are referred to
as lock propagation messages. These include lock propagation reply messages,
courtesy commit and abort messages, and two phase commit messages that
contain this information.

* Crash orphan detection is performed.

e Objects in guardians are of two kinds: atomic and non-atomic. Our protocol
will only guarantee the eager diffusion semantics for information that actions
obtain through the action tree and through atomic objects.



Chapter 3

A Commit Protocol for Nested Actions

We now present a new commit protocol for nested actions that supports the eager
diffusion semantics for action completion. The protocol ensures that if an action
"knows" that it ought to be able to access an object, then the system will have
enough information to permit the access to occur. It works by piggybacking commit
and abort information on messages that are already flowing around the system. The
full protocol is highly optimized to reduce the quantity of data that must be added
to messages. In this chapter we present a simplified version of the protocol. The next
chapter describes optimizations and discusses efficiency issues.

The protocol described in the following sections is actually only a partial
protocol-it is the part that ensures that commit and abort information is spread
through the system in time to guarantee the eager diffusion semantics. There will
be cases where an action accessing an object has no reason to know whether or not
the access should succeed immediately, and the system does not happen to have the
necessary information available. In these cases we rely on some other mechanism,
such as Argus's lock propagation queries, to supply the information. We also assume
that completion of topactions is handled by some standard toplevel commit protocol.
Our descriptions are tailored to two-phase commit but could be adapted to work with
other top-level commit protocols.

Before we can consider designing a protocol for the eager diffusion semantics,
we need a more precise definition of an action's knowledge. How can an action
"know" about the execution status of another action? In Section 3.1 we address
this question. Section 3.2 provides a series of examples that illustrate what actions
can know. Then in Sections 3.3 and 3.4 we present our simplified protocol, and in
Section 3.5, argue informally for its correctness. This version of the protocol has
obvious efficiency problems but is relatively easy to understand. In Section 3.6 we
return to the examples presented in the earlier section, explaining how the protocol
works to guarantee the eager diffusion semantics in each case.

30
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3.1 Actions' Knowledge

We want to design a protocol that ensures the eager diffusion semantics, i.e., if an
action "knows" that it should be able to get a lock, then the guardian of the object
being locked will have enough local information to give the lock to the action. To do
this we must define more precisely what an action can know that allows it to infer that
a lock should be available and how it can know it. We keep the discussion informal in
this chapter in an attempt to provide the reader with enough intuition to understand
the protocol without getting lost in details. Chapter 6 presents a correctness proof
in a formal setting.

Under the usual definition of knowledge in distributed systems, a process knows
a predicate P in an execution if P is true in every execution of the system that looks
the same to the process [Halpern & Moses 1987]. By "looks the same," we mean that
the process has the same local state. In terms of our problem, an action knows that
a lock should be available in a particular execution if the lock should be available to
the action in every execution in which the local state of the action is the same.

A lock will be available to an action only if all holders of conflicting locks are
ancestors of the action. Thus, if an action knows that a lock should be available,
then, in every execution that looks the same to the action, at least one of the following
conditions must be true of every potentially conflicting lock holder:

Cl: It must be committed up to one of the lock requestor's ancestors, or

C2: It must have an aborted ancestor (it is effectively aborted), or

C3: It must never have obtained the lock.

Furthermore, the requesting action must be able to determine from its state that at
least one of these conditions is true-otherwise there would be executions that look
the same to the action in which none of the conditions are true.

The next question, then, is how can an action acquire information in its local state
about a potentially conflicting lock holder that would imply one of the conditions
above? There are three kinds of information about the execution status of another
action that an action can have. It can have information that an action committed,
that an action aborted, or that an action effectively never accessed an object. (By
"4effectively never accessed" we mean that either it never accessed the object, or it
did access the object but the abort of an ancestor removed the effects of the access.)
Thus, an action can acquire information in its local state specifically allowing it to
know that condition C1 holds or that condition C2 holds. Also an action can acquire
information about an effective non-access, allowing it to know that at least one of
C2 or C3 holds. The sources of information may be direct or indirect, as described
below.
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C A B D
access(X) access(Y) access(X) access(Y)

Figure 3.1: Implications of effective non-access.

There are two direct sources of information about the execution status of another
action available to an action A:

1. Children: A can learn about its children's commits and aborts.

2. Objects: By accessing an object X, A can learn about commits of all visible
actions that held locks on X. Also, A can learn that paiticular actions have
effectively not accessed X before A accessed X. This in turn can imply that
other actions have effectively not accessed other objects.

The visibility condition for commits at objects is related to the locking rules. Recall
that an action B is visible to A if B has committed up to its least common ancestor
with A. This is exactly the condition required for a lock held by B (when B does not
abort) to be given to A; the lock must first be propagated to an ancestor of A. Note
also that an action's committed child is visible to the action. Thus all commits that
an action directly knows about are for actions visible to it.

To understand how an action can know that another action effectively never ac-
cessed an object, consider the following example. Actions A and B run concurrently
with each other, and both read and write an object X. Each action records at X
the fact of its own commit. If the first action to access X commits up to its least
common ancestor with the other action, the data that it wrote becomes accessible to
the other action. If an ancestor of the first action that wrote data aborts, the effects
of the access will never be observable to the other action. Thus, it is possible for each
action to determine, when it obtains the lock on X, whether the other action has
effectively never accessed X. Notice that we do not say that an action can directly
learn of the abort of another action that accessed an object. Based on information
obtainable through the object, when an action observes that another action effectively
never accessed the object, there is no way for it to distinguish the case of the action
running and having its effects undone from the case where the action had not yet run.

The implications of effective non-accesses, mentioned in item 2 above, arise be-
cause of the way that actions may be structured. It is possible to write a program
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in such a way that if action B has effectively not accessed object X by the time ac-
tion C accesses X, then action D will have effectively never accessed object Y before
action A accesses Y (see Figure 3.1). If action A knows, through action C, that B
has effectively never accessed X, then A could expect to get a lock on Y since D
effectively never accessed Y. For the effective non-access of B to imply the effective
non-access of D, the following must be true:

1. If B does not access X before C, then D does not access Y before A.

2. If B does access X before C and is effectively aborted, then either D will not
access Y by the time A does, or D is also effectively aborted by the same action
that caused B to be effectively aborted.

If these conditions were not true, then we hypothesize that A could not know the
implication in the first place.1

An action can also obtain information indirectly:

1. Through its parent. An action can know whatever its parent knew at the time
the parent created the action.

2. Through committed actions that are known to it. If an action knows that some
other action is committed, it can know whatever the committed action knew at
the time it committed.

An action cannot learn what an aborted action knew, other than what the aborted
action could have learned from its parent at the time it was created. If an action
A knows about the abort of another action B, then A does know that B's parent
attempted to create B. Since the parent's attempt to create B could be conditional
upon everything that the parent knows, it is possible that A can know whatever B's
parent knew when it created B. However, A will not necessarily know anything else
that was known to B for the following reasons.

" Because actions may be aborted at any time, no action can infer that particular
events must have taken place simply based on the fact that some action aborted.
While an action may specifically decide to commit or not based upon what it
knows, an action does not have total control over its own abort.

" When an action that modifies an object is effectively aborted its modifications
are undone and so are not available to any later action accessing the object.

'We do not know how to argue informally that this claim is true, although it appears to be so
after careful thought. This issue does not arise in our formal definitions in Chapter 5, where we take
a somewhat different approach.
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e When a child of an action aborts, the child may not return any information to
its parent that it learned while running. 2

Based on the above discussion, we can characterize an action A's knowledge of
the execution status of another action.

* Commits: Visibility is transitive; any action visible to an action visible to A is
also visible to A. Also, A's ancestors are defined to be visible to A. Thus, it is
not hard to see that all commits known to A are fo,- actions visible to A.

" Aborts: A knows about aborts that actions visible to A knew about, and it
knows about aborts of its children. Thus A knows about the aborts of children
of actions that are visible to A, as well as aborts of its own children.

" Effective non-access: We cannot easily classify those actions that A may know
to have effectively never accessed an object. When A is granted a lock that
was held by an effectively aborted action, it knows that the action effectively
never accessed the object. This effectively aborted action need not bear any
particular relationship to A or to the actions visible to A. The same is true for
actions whose effective non-accesses A knows about by implication.

3.2 Examples of Knowledge

Some examples will help to illustrate how an action can acquire information about
the status of another action that allows it to "know" that it should be able to get a
lock. We show three examples, one for each kind of information that an action can
have. In each example, we describe the actions and objects involved; we assume that
there are no other actions in the system that are interested in the particular objects.

3.2.1 Knowledge of a Commit

Our first example illustrates the case of an action knowing about the commit of
another action. In this case, the action learns about the commit from its parent.

The action tree in Figure 3.2 shows an action A that has two sequential remote
children, A.1 and A.2.3 A runs at guardian G1 and its children run at guardian
G2 . First, A.1 runs, writes object X at G2 and commits up to A. Then A.2 runs
and requests a read lock on X. A knows about A.l's commit, and since A.2 runs
sequentially after A.1 it can know about A.1's commit through information received
from A.

21n Argus. programmers are free to violate this restriction and face the consequences. Unless
care is taken, serializability may be lost [Liskov et al. 1987b, Appendix III].

3 Actually, in Argus each of these children would be handler actions and there would be call
actions between them and their parent, but this is not important in the example.
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A@G 1

A.1 @ G 2  A.2 @ G 2

write(X) read(X)

Figure 3.2: A.2 knows that A.1 (a prior sequential sibling) committed up to A.

BOG,

B.1 @ G1 r B.2 @ G1

B.1.1 @ G 2  B.2.1 @ G2
write(X) write(X)

Figure 3.3: B.2.1 knows that B.1.1 is effectively aborted since it knows that B.1
aborted.

3.2.2 Knowledge of an Abort

The second example illustrates the case of an action knowing about another action's
abort. Figure 3.3 shows an action B that has two local sequential children, B.1
and B.2, each of which has a remote child B.1.1 and B.2.1, respectively. B and its
children run at guardian G 1, and the other actions run at G 2. B.1 runs first, creating
B.1.1, which writes an object X at G2. Sometime after B.1.1 is created, B.1 aborts.
Possible reasons could be communication problems or problems decoding the reply
message for B.1.1. As a result of B.1's abort, B creates B.2, (so B.2 knows that
B.l aborted). Then B.2 creates B.2.1, which requests a write lock for X. B.2.1 can
know, based on information from its parent, that it should be able to get the lock at
X.

3.2.3 Knowledge that an Action Effectively Never Accessed an Object

In the previous example it was possible that B.2.1 actually knew, in the usual sense
of the term, that B.1.1 was effectively aborted. Our third example illustrates the
case where an action may not know whether some other action accessed an object
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C. I 111. C. 2 IG1

C.1.1 C.1.2 (.2.1 C.2.2
A G2  4 G3 O G2  C G3

write(X) write(Y) read(X) read(Y)

Figure 3.4: C.2.2 knows that C.1.2 effectively never accessed Y

and then was effectively aborted, or just never accessed the object, but it does know
that one or the other is true.

Figure 3.4 shows an action C with two local children, C.1 and C.2, at guardian
6 1. Each child has two children that run at guardians G 2 and GA. C.1 and C.2 are
concurrent siblings, and each of their sets of children are sequential siblings. The
lowest level actions access object X at G2 and Y at G3 . All programs follow the
convention that X is always read or written before Y. The actions in the picture
obey this convention by causing C.1.1 to run sequentially before C.1.2 and (7.2.1 to
run sequentially before ('.2.2. The execution proceeds as follows. C.1.1 runs, wiitcs
X, and commits to C.1. Then C.1.2 runs and writes Y. In the meantime, C.2 starts
running. At some point C.1 aborts and notice of C.1's abort is sent to G 2, perhaps
as a courtesy lock propagation message. C.2.1 then starts running and is able to read
X since the information about C.1's abort allows C.1.1's lock to be released. At this
point C.2.1 learns of ('.1.1's effective non-access at X. For future reference, notice
that G 3 has not yet learned of C.A's abort, so C.1.2 still holds a write lock on V.
Now C.2.1 commits up to C.2. and C.2.2 starts running and tries to read V. C.2.2
expects to be able to get the lock on Y since it larns of C.1.1's effective non-access
at X from C.2.1. and this implies C.1.2's effective non-access at Y.

3.3 A Simplified Protocol

Ihis section describes a simplified version of the proposed commit protocol. Though
o)bviouslv inefficient, it does contain the key ideas that form the basis for the optimized
protocol. By considering this protocol first, we can argue the correctness of these ideas
while ignoring the many optimization details.

The protocol we present first is not the simplest imaginable. A trivial protocol
cold just maintain sets of coTmnit and abort information at guardians and send
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all information on every message. Such a protocol is clearly correct-and clearly
inefficient. A slightly less trivial protocol could reduce commit information sent in
messages without employing any inference mechanisms. The protocol we describe
incorporates the inference mechanisms.

The protocol is presented by first describing the data structures that must be
maintained at each guardian and then describing how these data structures change
as the states of actions change. We also describe the information that must be added
to messages when guardians communicate.

3.3.1 Notation and Conventions

In the following description, we use a shorthand to refer to particular relatives of an
action:

" cpa(A) is the set of actions that are children of proper ancestors of action A.
Similarly, ca(A) is the set of children of ancestors of A (which includes children
of A also).

* top(T) is used to mean both the topaction of action T, if T is a single action,
or the set of topactions of actions in T if T is a set of actions. The usage should
be clear from context.

* lca(A, B) is the action that is the least common ancestor of actions A and B.

In describing the protocol, we consider all topactions to be concurrent children
of a mythical action called To. Thus a topaction is the "child of a proper ancestor"
of every other action (except T)-the ancestor is To. This makes our descriptions
simpler and more uniform.

Note that for the purposes of the protocol, nested topactions are treated as non-
nested topactions.

3.3.2 Data Structures

Every guardian G maintains two sets of action identifiers, called G.committed and
G.aborted. When the guardian is created both sets are initially empty.

Every message M that contains information about the creation or completion
of an action also contains two additional pieces of information, which we designate
M.committed and M.aborted. Such messages include call and reply messages for
remote procedure calls, lock propagation messages, and messages used to carry out
two-phase commit.
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3.3.3 Propagating Commit and Abort Information

Now we describe the information that must be recorded and sent in messages as
actions change states. For completing actions, the information indicated below must
be recorded before any locks held by the action are released or propagated and before
an*y later sequential actions are created. For remote actions being created, information
must be recorded by the time the action or one of its descendaits makes a lock request
at the remote site. The chart in Figure 3.5 summarizes the discussion below.

Local Actions. A local action is an action that runs at the same guardian as its
parent. The creation of a local action requires no special activity.

When a local action commits at guardian G, its action identifier is inserted into
(;.committd if the action has concurrent siblings.

\hen a local action aborts at guardian G, its action identifier is inserted into
(;. aborted.

Remote Actions. Remote subactions are created by sending RPC call messages
and are completed via RPC reply messages. Whenever a guardian sends an RPC
message, it includes some of its commit and abort information in the message, as
described below. The receiving guardian merges the aborted and committed sets in
the message with its own aborted and committed sets, respectively.

When a guardian G creates a remote subaction A by sending an RPC call message
.1! to another guardian G', G sets A.aborted to G.abortcd and it sets M.committcd to
contain G.committedn cpa(A). That is, G sends its entire aborted set to G'. It filters
its committed set to send only the action identifiers that will be useful to G'--those
of actions that, are children of proper ancestors of the action being created. We will
argue in Section 3.5 why this part of the committed set suffices.

When a remote subaction A commits at guardian G, if A has concurrent siblings,
then G adds A to G.committed. In the RPC reply message, G includes its entire
aborted set G.aborted, and G.committedn cpa(A).

'When a remote subaction A aborts at guardian G (either voluntarily, or be-
cause the transaction manager at the guardian decided to abort it), G inserts A
into G.aborted. In the RPC reply message .M, G sets M.committrd to be empty and
1. abortrd to contain just the action identifier for A.

Other Messages. The messages that concern us, other than RPC messages, are lock
propagation messages and messages sent as part of two-phase commit. Whenever a
guardian G sends a message 11 to a guardian G' saying that an action A committed
up to some other action A'. G sets M.abortcdto be G.aborthdand A.comniilI1dto be
(;.comrnmittedr ca(A'). ITpon receiving the message, G' unions the sets in the message
with its own sets.
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Local (at guardian G) Remote (G1 sends M to G2 )

Create A M.aborted - G1 .aborted
M.committed .- G 1 .commiltedfl cpa(A)

Commit A if concurrent(A) then if concurrent(A) then
insert(G. committed, A) insert (Gi. committed, A)

M.aborted -- G1 .aborted
M.committed- Gl.committedfn cpa(A)

Abort A insert(G.abored,A) insert(Gl.abored,A)
M.committed = 0
M.aborted -- {A}

"A committed M.aborted -- G1 .aborted
up to A"' M.committed -- G1 .committedfn ca(A')

"A aborted" M.committed -- 0
M.aborted 4- {A}

Figure 3.5: Simplified protocol-information to be recorded when starting and com-
pleting actions and when sending messages. In all remote cases G 2 merges M.aborted
into G2 .aborted and M.committed into G2 .committed.

Whenever a guardian G sends a message M to a guardian G' indicating that an
action A aborted, G sets M.committed to be empty and M.aborted to contain the
action identifier for A. G' unions the sets in the message with its own sets.

Crashes. Every time a guardian prepares for two-phase commit it must write
G.aborted and top(G.committed) to stable storage. The topaction being committed
could depend upon this information and thus it must survive crashes.

3.4 Lock Propagation

The committed and aborted sets at a guardian are used to propagate locks when an
action A requests a lock on an object for which another action B holds a conflicting
lock. Let C be the least common ancestor of A and B. (If A and B are descendants
of different topactions then their least common ancestor is To. Recall that every
topaction is a child of To.) We are interested in determining either that B has
committed up to C, in which case B's lock can be propagated to C, or that an
ancestor of B has aborted, in which case B's lock can be released. The following
rules determine B's status based on the committed and aborted sets at the guardian
where the lock request occurs. They are applied in order. Figure 3.6 illustrates the
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Figure 3.6: Lock propagation

relationships among the actions.

1. If any ancestor of B below C is in the aborted set, then B aborted.

2. Otherwise, if an ancestor of A is a later sequential sibling of an ancestor of B,
or A is an ancestor of B, then B is committed up to C. (If A is an ancestor of
BthenA=C.)

3. Otherwise, if A and B are descendants of concurrent siblings, let D be the child
of C that is an ancestor of B. If D is in the committed set, then B is committed
up to C.

4. Otherwise, if an ancestor of .4 is a prior sequential sibling of an ancestor of B,
then A must be an orphan and should not be permitted to continue.

5. Otherwise, we cannot locally determine whether B has committed up to C.

\Ve are implicitly using two kinds of inferences in these rules. We use sequential
infr nec in the second rule to determine that D must have completed. By the fact
that A is running, we know that A's ancestor that is a child of C was created. And
for A's ancestor to be a sequential sibling of D, it cannot have been created until D
completed.

In both the second and third rules we use descendant inftrence to determine the
Ci11plet ion status of 13. We know that 1) has completed, either by sequential inference
Wr v the fact that it is in the commit ted set. A simple inductive argument shows
tirot if I) completed then every descendant of D either committed up to C or has an
ancestor that aborted (and thus is an orphan). \Ve will argue in the next section that
tII aborted set contains enough information to make these inferences correctly.

In the fourth rule ve use se(Iuntial inference to determine that A's ancestor E
la1 ,1 is a chil( of (' is completed. Since E's completion implies that A must be

orplhaned or CoiliIIitted 111) to E. and A is still running (requesting a lock), we know
Ii;, t 41 mtist be an orphan. Ve can supply tiis informat ion to the system, which can
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then destroy A. There is no reason to grant the lock to A since it will eventually be
destroyed.

3.5 Correctness Arguments

Now we want to argue informally for the correctness of the simplified protocol. We
want to prove that the protocol supports the eager diffusion semantics. In the process
of doing so we will have to argue that the inferences made by the protocol are correct.

To begin with, imagine modifying the simplified protocol by replacing the inference
mechanisms with explicit information:

1. All actions are added to the committed sets when they commit-not just those
with concurrent siblings.

2. For a remote action A being created or committing, the committed sets sent in
the RPC message include all proper descendants of proper ancestors of A that
are locally visible to A according to the committed se not just the children of
proper ancestors.

3. In a lock propagation message saying that A committed up to A', the committed
set in the message includes all proper descendants of ancestors of A' that are
locally visible to A' according to the committed set, not just the children of
ancestors.

In the first case we are removing the sequential inference mechanism, and in the
second and third cases, the descendant inference mechanism. First we argue that
this simpler protocol guarantees the correctness property. Then we argue that it is
correct to relax each of the conditions above, replacing them with the corresponding
inference mechanism.

3.5.1 Correctness of Simpler Protocol

We begin by arguing that the simpler protocol supports the eager diffusion semantics.
Suppose A is an action requesting a lock for an object X at guardian G, and B is an
action that could hold a conflicting lock on X. Further suppose that A knows that it
should be able to obtain the lock on X. We want to argue that G will have enough
information to grant the lock to A.

Recall that in Section 3.1 we listed three conditions under which A would be able
to obtain the lock on X when B is a potentially conflicting lock holder:

Cl: B is committed up to its least common ancestor with A, or

C2: B has an aborted ancestor, or
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C3: B never obtained the lock on X.

For A to know that the lock on X should be available it must know the disjunction
of these conditions. We will consider the direct and indirect sources of information
available to A that allow A to know this disjunction. We use an informal, inductive
style of argument to prove our claim that G will also have enough information to
know the disjunction of the conditions in each case.

First we consider the direct sources of information available to A.

1. Children. If B is a committed (or aborted) child of A, then A knows condition
C1 (or condition C2) and thus knows the disjunction of the conditions. If B is a
local child then its commit (or abort) is recorded directly at G when it occurs.
If B is a remote child then it will be added to G's committed (or aborted) set
when G receives the corresponding RPC reply message. In either case, G also
knows C1 (or C2) and thus knows the disjunction of the conditions.

2. Objects. If B is visible to A at a local object Y, then A knows C1. In this case
G will also know C1 because, as B committed up to lca(A, B) at object Y, G
recorded the commits of each ancestor of B in its committed set.

If A knows, by accessing an object Y, that an action D effectively never accessed
Y, and if D's effective non-access at Y implies B's effective non-access at X,
then A knows the disjunction of C2 and C3. Now if B never did access X,
then G knows C3. If B did access X but was effectively aborted, the rules on
page 33 tell us that the same ancestor that caused D to be effectively aborted
has caused B to be effectively aborted. Thus, that ancestor was added to G's
aborted set before A accessed Y, so G knows C2.

Now we consider indirect sources of information available to A. If A knows of the
commit of an action C, or if C is A's parent, then A knows everything that C knows.
We assume, inductively, that C's guardian knows as much as C knows. So clearly,
when C and A run at the same guardian, G knows what C knows. Assuming that C
runs at a guardian other than G, we consider cases for C's knowledge, showing that
G will know as much as A knows.

1. C knows that B committed up to its least common ancestor with C.

(a) If C is A's parent, then Ica(A,B) = lca(C, B). So A knows C1. The RPC
call message for A contains in its committed set all actions that are visible
to C at C's guardian. This includes all ancestors of B below lca(A, B), so
G will know C1 also.

(b) If C is a committed child of A, then either lca(C, B) = C or lca(A, B) =

lca(C, B). In either case, A knows C1. The RPC reply message for C con-
tains in its committed set all actions that are visible to C at C's guardian.
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kca(A, B)

B A

Figure 3.7: Action tree for descendant and sequential inference correctness arguments.

This includes all ancestors of B below Ica(C, B), as well as C itself, so G
will know C1 also.

(c) If C is an action visible to A at a local object Y, then either lca(A, B) =

lca(C, B) or Ica(C, B) is an ancestor of C below lca(A, C). In either case,
A knows C1. The message that allows C's lock on Y to be propagated
to A contains in its committed set all actions that are visible to C at C's
guardian. This includes all ancestors of B below lca(C, B) as well as all
ancestors of C below lca(C, A). Thus G will know C1 also.

2. C knows that an ancestor of B aborted. Thus A knows C2. The message
associated with C that arrives at G will contain C's guardian's entire aborted
set. (The type of the message will be RPC call if C is A's parent, or RPC reply
if C is A's child, or lock propagation if C is visible to A at an object). Thus G
will also know C2.

3. C knows that an action D effectively never accessed an object Y, and A knows
that D's effective non-access at Y implies B's effective non-access at X. So A
knows the disjunction of C2 and C3. If B has never accessed X, then G knows
C3. If B has accessed X, then the rules on page 33 guarantee that an ancestor
of B will be aborted and it will be the same ancestor that has caused D to be
effectively aborted. So G will know C2 when it receives the message associated
with C.

This concludes the correctness arguments for the simpler protocol.

3.5.2 Correctness of Descendant Inferences

Suppose that action A is requesting a lock for which action B holds a conflicting lock.
Now we observe that in order to determine whether B's lock may be given to A we
do not actually need explicit commit information for all actions visible to A-only
for those actions that are children of proper ancestors of A. Let C be the child of
Ica(A, B) that is an ancestor of B (see Figure 3.7). If C is not in the committed set
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and no ancestor of B is in the aborted set, then A cannot obtain a lock from B since
B is not visible to A and is not aborted. If C is in the committed set, then we can
infer whether or not B is committed up to C.

Suppose C is in the committed set. By a simple inductive argument, B must
either be committed up to C or have an aborted ancestor that is a proper descendant
of C. We claim that B committed up to C if and only if no ancestor of B below C is
in the aborted set. Another way to say this is that an ancestor of B below C aborted
if and only if B has some ancestor below C in the aborted set. Since the aborted set
contains only actions that have aborted, if an ancestor of B below C is in the aborted
set, then that ancestor has aborted. So we must show that if an ancestor of B below
C' is aborted then B will have some ancestor below C in the aborted set. Suppose
that none of B's proper ancestors aborts. Then B itself must have aborted and this
will be known to its parent, which will pass the information up its ancestor chain to
C as the actions on the chain commit up to C. Thus, any site that has information
about C's commit will also have information about B's abort. If one of B's proper
ancestors below C does abort then the same argument applies for the highest aborted
ancestor of B below C. So one of B's ancestors below C will be in the aborted set at
A's guardian.

3.5.3 Correctness of Sequential Inferences

Again, suppose that action A is requesting a lock for which action B holds a conflicting
lock. In order to determine whether B's lock may be given to A, we do not actually
need explicit commit information for all children of proper ancestors of A--only for
those that have concurrent siblings.

Let C be the child of lca(A, B) that is an ancestor of B (as in Figure 3.7). If C
does not run concurrently with any of its siblings, then any sibling that runs once C
has been created can infer that C must have completed. In particular, A's ancestor
that is a sibling of C must be running given that A is, and we know C was created
given that B was, so we conclude that C must have completed. Furthermore, if C
had aborted, its parent would have known of the abort at the time it created A's
ancestor and would have conveyed that information to A's ancestor, which would
have eventually conveyed it down the ancestor chain to A. Thus if C was aborted,
A's guardian would have C in its aborted set. So if C is not in the aborted set at A's
guardian, then C must have committed and we can proceed to figure out whether B
committed up to C. If C is in the aborted set, then B has an aborted ancestor and
its lock may be given to A.
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3.6 Examples Revisited

We now return to the examples described in Section 3.2, explaining how our protocol
guarantees the eager diffusion semantics in each case.

3.6.1 Knowledge of a Commit

The example in Figure 3.2 (page 35) illustrated knowledge of a sequential commit.
This example is similar to the problems encountered by [Greif et al. 1987] discussed
in Chapter 1. In a system using a lazy diffusion protocol, it is possible that when A.2
requests the lock, G2 has not yet been notified that A.1 committed up to A and has
no means of inferring this. So the lock request would cause lock propagation queries
to be sent to G1 . Using our protocol, G2 will be able to infer that A.1 had committed
up to A from the fact that A.1 was sequentially before A.2 and no ancestor of it below
A is in the aborted set.

Notice that in this example, there is actually no extra information being sent
that allows G 2 to propagate the lock. Rather it is the lack of information about an
abort, in conjunction with the inference mechanisms, that allows G2 to know that
A.1 committed.

3.6.2 Knowledge of an Abort

The example in Figure 3.3 (page 35) illustrated the case of an action knowing about
another action's effective abort. It is possible under lazy diffusion that news of P. l's
abort would not reach G2 by the time B.2.1 requests the lock. However, with our
protocol, B.1's identifier is added to GI's aborted set when B.1 aborts. Then GI's
aborted set is sent to G2 along with the call message for B.2.1, so G2 can use descen-
dant inference to release B.1.1's lock.

3.6.3 Knowledge that an Action Effectively Never Accessed an Object

Figure 3.4 (page 36) illustrated knowledge about an action's effective non-access at
an object. Our protocol will ensure that the notice of C.1's abort arrives at G3 along
with the call message that creates C.2.2. When information of C.1's abort arrives
at G2 and C.1.1's lock is released, C.1 is added to G2's aborted set. When C.2.1
commits to C.2, G2's aborted set is contained in the reply message and is unioned
into GI's aborted set. Then when C.2.1 is created, GI's aborted set is included in the
call message to G3. Thus G3 knows of C.1's abort.

3.6.4 Knowledge of a Concurrent Commit

We give one additional example to illustrate how information in the committed set is
used to propagate locks.
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D@G,

D.1 4 G, D.2 @ G,

write(Y) n read(Y)

D.1.1 @ G2  D.2.1 @ G2
write(X) write(X)

Figure 3.8: D.2.1 knows that D.1.1 (a concurrent action) committed up to D.

Figure 3.8 shows an action D at guardian GI, with two local children D.1 and
D.2 that are concurrent siblings. Each child of D has a remote child that runs at G 2.
There are two objects, Y at G1 , and X at G2. The execution proceeds as follows.
D creates D.1 and D.2. D.1 creates D.1.1, which writes X and commits up to D.1.
Then D.1 writes Y and commits up to D. So D.1 may have recorded at Y that
D.1.1 committed. Now D.2 reads Y and then creates D.2.1, which will try to write
X. Since D.2 could have learned through Y of D.1.1's commit and conveyed this
information to D.2.1, D.2.1 could expect to get the lock at X.

Using our protocol, the information will be available at G2 to propagate D.1.1's
lock to D.2.1. When D.1 commits to D it will be added to the committed set at GI
since it has a concurrent sibling. Then when D.2 sends the call message to create
D.2.1, it will include D.1 in the committed set since D.1 is achildof a proper ancestor
of D.2. G2 can then infer, from the fact that D.1 is committed and no ancestor of
D.1.1 is aborted, that D.1.1 must have committed up to D, which is its least common
ancestor with D.2.1.



Chapter 4

Optimizations and Efficiency Issues

In this chapter we present optimizations and discuss other issues involved in obtaining
an efficient implementation of the previous chapter's protocol. We also consider how
our ideas may be adapted to improve the efficiency of a protocol that supports only
the lazy diffusion semantics.

We begin in Section 4.1 with optimizations. First we present a series of simple
optimizations for reducing the amount of information maintained by the protocol and
for organizing the data structures efficiently. These optimizations are clearly useful
and should improve the efficiency of any implementation. Then we consider some
additional optimizations that involve more questionable tradeoffs and discuss their
merits. As we present each optimization we argue informally for its correctness.

The most glaring efficiency problem in the simplified protocol is that aborted
and committed sets grow without bound-the protocol does not describe how to
discard old information from the sets. It turns out that this is a fairly hard problem
to solve (and not a new one in distributed systems). We examine this problem in
Section 4.2, separately from the other optimizations, and propose a possible solution.
Our proposal is based on a solution designed for garbage collecting orphan detection
information in Argus. A good solution to this problem is required if the protocol is
ever to be practical.

In Section 4.3 we describe the interactions of the protocol with orphan detec-
tion. We show how the data structures required for abort orphan detection may be
combined with the data structures in the protocol to yield a more efficient implemen-
tation. We also explain why crash orphan detection is crucial to the ability of the
protocol to support the eager diffusion semantics.

In Section 4.4 we address the issue of early release of read locks during two-phase
commit. This is not so much an efficiency issue for our protocol as it is for the rest
of the action system. As we mentioned in Chapter 2, a well-known optimization for
two-phase commit is to allow read locks to be released during the first phase. We
ignored that optimization in the previous chapter in order to keep the explanation of
the basic protocol as simple as possible. Since we realize that the optimization is an
important one, we consider its effect on our protocol in this chapter.

47
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Finally, in Section 4.5, we consider how ideas from the protocol may help to
improve the efficiency of nested action commits and aborts in Argus.

4.1 Optimizations

There are a number of optimizations that we can apply to the simplified protocol
that will improve the expected efficiency of an implementation. They fall into three
categories:

1. Obsc2vzt13xis about the behavior of the protocol that alluw us to reduce the
sizes of the committed and aborted sets-with obvious efficiency gains.

2. Optimizations in organizing and operating on data.

3. Optimizations to reduce the sizes of the committed and aborted sets where a
non-negligible tradeoff in communication and computation time is involved.

We proceed to describe each of these optimizations and indicate why they preserve
the correctness of the protocol.

4.1.1 Simple Reductions in Set Sizes

The first observation is that there is no need to add an action's identifier to a com-
mitted or aborted set if the action has no committed remote descendants. The only
reason to propagate the outcome of an action A is that A may have descendants at
other sites that had obtained locks and then committed up to A. If another action
B observes A to be completed and then visits a site where a descendant of A ran,
B must observe A's descendant to be completed up through A. If the descendant
had committed up to A, then we can guarantee that the descendant's site receives
the information by adding A to the committed or aborted set at A's guardian, as
appropriate. If the descendant or one of its ancestors below A had aborted, this in-
formation would be recorded in the aborted set at A's guardian already. The question
is how the system can determine when A does not have committed remote descen-
dants. We can safely assume it to be true if A never made a successful remote call-in
other words, either A never made a remote call, or, if it tried to, no call message was
ever sent. The system could remember even more information than this and convey
it back to A's guardian on RPC reply messages for remote descendants if it seems
useful and not too costly. For example, if A makes a remote call that aborts, the
called guardian may be able to inform A's guardian when the aborted action had no
committed descendants.

A second observation that reduces the sizes of aborted sets is that when an action
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is inserted into an aborted set, all of its descendants in the set may be removed.'
This is permissible because the abort of an action results in the effective aborts of all
of its descendants, and any changes they made will eventually be undone. We must
be careful, however; the optimization has an effect on the locking rules in some cases
where the lock requestor is an orphan.

Recall that the locking rules require us to check for aborts of ancestors of the lock
holder only up to its least common ancestor with the lock requestor in the plucess
of deciding whether to undo the effects of the lock holder. To see how an orphaned
lock requestor can affect the behavior of the system, suppose A is a lock requestor,
B holds the conflicting lock, and C is B's ancestor that is a child of lea(A, B) (as in
Figure 3.7 on page 43). If A is an orphan due to the abort of an ancestor of lca(A, C),
and hence C is also an orphan, then it is possible that the only ancestor of B in the
aborted set is a proper ancestor of C. The locking rules would cause us to infer that
B was committed up to C in this case, which may not be true (i.e., if one of B's
ancestors below C happened to get removed from the aborted set when the ancestor
above C was added). Orphans will be detected before they do any harm. However,
if we are not convinced that it is reasonable to allow the orphan to see the incorrect
inference, then it is possible to use the information in the aborted set to cause the
system to detect A as an orphan and destroy it before it executes any further.

A third observation is that once all sibling actions in a concurrent group of actions
complete (where the concurrent group may consist of a single action), the entire group
may be removed from the committed set. This is valid because any later action
encountering a lock held by an action in the concurrent group will be able to infer the
completion status of the concurrent action by the sequential inference mechanism. If
this optimization is applied at each opportunity, then when an action commits, none
of its proper descendants will remain in the committed set. Similarly, when an action
aborts and its identifier is inserted into the aborted set, all of its descendants may be
removed from the committed set.

A final observation is that we can use the fact that a topaction committed to
encode the aborts of its descendants. Once a guardian has inserted a topaction's
identifier into its committed set, it may remove all descendants of the topaction from
the aborted set. This optimization relies on the special nature of topaction commit. In
the process of committing a topaction we propagate to the topaction all locks held by
its descendants that are committed up to the top. Once the topaction is in a commit -

ted set, each of its proper descendants that still holds locks and that is not prepared
for two-phase commit must have an aborted ancestor.2 Furthermore, the guardians
where the locks are held could not have been participants in the topaction's two-phase

'This optimization has been used in the Argus abort orphan detection algorithm to reduce the
size of its done data structure.

2 1f we assume that locks are propagated from subactions to topactions during phase one of two-
phase commit then we need not check for prepared proper descendants.
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commit because otherwise they would have been notified of the descendant's abort,
which would have caused them to release the locks. In some sense, these descendants
are orphans-they are actions that have aborted ancestors-and we might hope that
an orphan detection algorithm would eliminate them before they could get in the
way. However, these orphans are passive in that they are not currently running and
so cannot see inconsistent states. The Argus abort orphan detection algorithm and
similar algorithms that we know of do not promise to destroy these types of orphans.3

We must deal with them ourselves if the protocol is to support eager diffusion.
If we choose to apply this final optimization we must change the lock propagation

rules to account for it. We use the rules described in Section 3.4 in the case where
the lock requestor and iock holder are desceiidants ot the same topaction. In the case
where they are descendants of different topactions, we use the rules below (for A the
lock requestor, B the lock holder, C = top(B)). Note that these rules rely on the
assumption that onc," C is in the committed set, all descendants of C that committed
to the top will have had their locks propagated to C.

" If C is in the committed set, then: if B = C, then B is committed, and otherwise
B is aborted.

* If any ancestor of B is in the aborted set, then B is aborted. If no ancestor
of B is in the aborted set, then we cannot locally determine whether B has
committed through C.

After applying the above optimizations we can characterize the contents of the
committed and aborted sets at a guardian as follows:

e Aborted sets contain identifiers of actions that aborted and may have remote
descendants that are committed up to them. For any action in the aborted set,
no descendant of the action is also in the set.

* Committed sets contain identifiers of actions that committed, have concurrent
siblings, may have committed remote descendants, and whose proper ancestors
are not in the committed or aborted sets.

4.1.2 Organization of Data Structures

A common operation on committed sets is to extract children of proper ancestors
of a given action from the set and place it in a message. The other operations on
committed sets are membership test, insertion, and deletion. We can take advantage

3 Artually, the Argus algorithm will catch this kind of orphan if it may have been active when
its ancestor aborted. If so, the Argus algorithm will carry around information about the aborted
ancestor that will allow it to detect the possibly running orphaned action.
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TO

Al A2 Action Committed Children

A3.132 TO AI, A2
A3.1 A3.1.1

A .3 3 A3.2 A3.2.1
A3.2.1 A3.2.1.1
A3.2.2 A3.2.2.1, A3.2.2.2

A3.2. 1. A3.2.1.1 A3.2.1.1.1, A3.2.1.1.3
A?.2.2.1 A3.2.2.2 A3.2.2.3

A3.2.1.1.1 A3.2.1.1.2 A3.2.1.1.3

Figure 4.1: Representation of the committed set.

of the hierarchical structure of the action identifiers in these sets to allow for efficient
extraction of children of ancestors and for efficient insertion and deletion of action
identifiers. We propose to represent the committed set as a table of sets of sibling
actions, where the key for a sibling set is the parent's action identifier. An identifier
for the "mythical" To action serves as the key for the set of topaction identifiers. We
can also take advantage of the hierarchical structure of action identifiers to allow for
efficient access to ali the ancestor keys when extracting the children of ancestors of
an action.

Figure 4.1 shows an action tree where the circled actions are in the committed set
and the action with an 'X' through its branch is in the aborted set. The corresponding
representation of the committed set is shown next to the action tree. -' extract
children of proper ancestors of action A3.2.2.3, we simply look up A3.2.2, A3.2, A3,
and To in the table.

When composing a message containing a committed set, we extract the appropri-
ate sibling sets, preserving the table structure in the message. The recipient of the
message can easily merge the committed set in the message with its own by simply
unioning sibling sets at matching keys and inserting new entries into its table for keys
not already there.

The expected size of committed sets being sent in messages becomes particularly
clear given this structure. We can expect each sibling set (other than the top-level
one) to contain only committed actions that may have committed remote descendants
and that are in the last concurrent group not known to have finished. In other words
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Action Committed Children Completion Flag
TO .41, A2 ?
Al committed
A2 committed
A3 7

A3.1 A3.1.1
A3.2 A3.2.1
A3.1.1 committed
A3.2.1 A3.2.1.1 committed
A3.2.2 A3.2.2.1, A3.2.2.2 ?
,43.2.1.1 A3.2.1.1.1, A3.2.1.1.3 committed
A3.2.2.1 committed
A 3,2.2.2 committed
A3.2.2.3 ?
,43.2.1.1.1 committed
A3.2.1.1.2 aborted
A3.2.1.1.3 committed

Figure 4.2: Using completion flags as redundant encodings of committed and aborted
sets.

we can expect these sets to be quite small. Of course, the sibling set mapped to To
contains all committed topactions. In a properly functioning system, we would hope
that this set is large, because work is done by committing topactions. This is where
we run into possible efficiency problems.

While we do not need to perform any complicated extraction operations on aborted
sets, we can also take advantage of the structure of action identifiers to organize
aborted sets to allow for efficient insertion, deletion, and lookup operations.

Another data structure optimization for both the committed and aborted sets is
to keep redundant information about the contents of the sets in a table keyed on
action identifiers (it could be the same table used for the committed set). Figure 4.2
shows how such a table would look for the action tree in Figure 4.1. The table maps
each action identifier to a completion flag indicating whether the action is aborted,
committed, or still running. Each time an action is inserted into one of the sets, it--
flag is set appropriately. This optimization is useful if the table lookup for an action
identifier can be made more efficient than a search in the sets. This would be true,
for example, in the suggested representation for the committed set, where an action
identifier lookup for the parent would be required to find the child.

It may not be practical to require that completion flags are always set when the
committed or aborted sets are updated. For example, we may not want to delay pro-
cessing of a call or reply when a message arrives at a guardian containing committed
and aborted sets. In this case we can consider the flags as an optional optimization-a
cache-that is checked before a lookup in the sets is attempted. The locking rules
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can easily be modified to take the completion flags into account.
We can carry the idea of completion flags even further by recording even more

information. Rather than just recording that an action has committed, we can record
the ancestor to which it is known to be committed. This eliminates some redundant
inferences during lock propagation. The completion flags can also be used by a
background process to propagate all locks held by an action based on the completion
statuses that are inferred in the course of releasing a particular lock.

4.1.3 Further Reductions in Set Sizes

To some extent, we can make a tradeoff between the sizes of the committed and
aborted sets and the amount of delay and communication we require when actions
commit and abort. It is difficult to judge, outside the context of a particular system
and set of applications, whether the cost to reduce the set sizes is tolerable.

The Committed Set. As the protocol is currently defined, a participant in a two-
phase commit protocol adds the topaction to its committed set when it learns of the
decision to commit the action during phase two. Once the action is in the committed
set, it remains there and will continue to be sent out in messages originating at the
guardian (recall that a topaction is the child of a proper ancestor of every action).
We would like to know whether there is any point at which we can safely remove the
topaction from the committed set.

First, we remark that if the last optimization suggested in Section 4.1.1 has been
applied (where topactions in the committed sets encode aborts of descendants), then
we cannot hope to remove an action from the committed set unless we are sure that all
of its remaining orphaned descendants will be detected by the abort orphan detection
mechanism. In Argus, this will be the case if all descendants of the topaction in
the aborted set that would be removed by that optimization are also known by the
orphan detection algorithm to have been aborted.

Given the above caveat, a guardian can safely remove a topaction from its com-
mitted set once it knows that all participants in the action's two-phase commit have
been informed of the commit decision. The coordinator of the two-phase commit
will know this at the end of phase two when it receives acknowledgments from the
participants. Thus, it may remove the topaction from its committed set after phase
two completes, or it may avoid adding the topaction to its committed set entirely if
it waits until the end of phase two to release the topaction's locks (recall that it may
release the locks at the end of phase one, once it knows the decision).

Currently, there is no way to detect at a participant that all other participants
have been informed of the commit decision. A possible solution is to add a quick
third phase to the commit of a topaction in which the coordinator attempts to notify
participants that the two-phase commit is complete. Participants may remove the
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topaction from their committed sets upon receiving this phase three message, or they
may delay releasing locks held by the topaction until they receive the message and
thereby avoid adding the topaction's identifier to their committed sets at all. A
participant may, at any time, decide not to wait for the phase three message and just
add the topaction's identifier to its committed set and release the topaction's locks.
In this way we are making the optimization optional at each participant and not
requiring each to be delayed indefinitely after receiving a phase two message. We can
further optimize the case of a two-phase commit involving only one participant other
than the coordinator. If the participant knows that it is the only one, then it knows
that all participants are informed of the commit dec;-ion when it receives the phase
two commit message from the coordinator, eliminating the need for a third phase.

The Aborted Set. We can use a similar idea to avoid adding an action's identifier
to the aborted set when the action aborts. The idea is to carry out an exchange
of messages when an action aborts, attempting to notify its committed descenda-ts'
guardians of the abort. This optimization would be useful only if none of the aborting
action's descendants are already in the aborted set.

Suppose action A is aborting at guardian G. For every descendant B of A that has
committed up to A (this information is known at A's guardian), G sends a message to
B's guardian indicating that A has aborted. B's guardian acknowledges this message.
Then, after receiving acknowledgments from each such B, G sends a second message
to each one indicating that all have acknowledged the first message. Upon receiving
this message, each of the descendants' guardians may release any locks held on behalf
of .4 or its descendants without adding A to its aborted set. As before, each of
the guardians may time-out in waiting for the messages and simply add A to their
aborted set before releasing its locks. The case where there is only one other guardian
involved besides G may be further optimized to use only two phases, as above.

4.2 Garbage Collection of Top-Level Information

The most significant efficiency problem with the protocol as it stands is that aborted
and committed sets grow without bound. We suggested optimizations that can slow
the growth, but this is still a problem for any long-lived system running many actions.
The desirable property for the systen-that it run and commit actions as often as
possible--is exactly the cause of the efficiency problems with the protocol.

There are really two problems:

" Detecting when it, is safe to remove an action identifier from a committed or
aborted set, and

" Preventing a deleted action identifier from reappearing in the set from which it
was removed.
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Unlike some systems with distributed garbage collection problems we have the
problem that we can effectively never discard information. The possibility of com-
munication failures means that guardians holding locks on behalf of actions that
have since been orphaned could be partitioned for indefinite periods of time from the
guardians that know the completion status of the action. A system such as Argus
does not even try to remember which guardians ran orphaned actions, so it is never
possible to determine that all guardians that need to know of an action's abort have
learned of it.

A similar type of garbage collection problem exists in the Argus abort orphan
detection algorithm. The Argus designers have proposed two interesting solutions, one
of which may be adapted to work for our protocol. However, the expected performance
of the method in the case of orphan detection does not reflect directly on our protocol.
The data structure that must be reduced in the abort orphan detection algorithm
is a set of action identifiers of topactions and aborted subactions called done. An
ancestor may replace its descendants in done, as in the aborted set in our protocol.
Also, a completed topaction may replace its descendants in done, even if the topaction
committed. Thus, done contains identifiers of aborted actions, and topactions that
have aborted descendants. It is reasonable to argue that aborts happen infrequently
enough that done will not grow too large too quickly. In our case, the committed set
contains identifiers of potentially all committed actions, and for that reason we do
hope that the set will grow quickly. The conclusion then is that the garbage collection
method must certainly be tuned differently to be used in our protocol and it is not
clear at this point whether it can be tuned well enough to be practical.

We mentioned that only one of the Argus solutions is suitable for our protocol.
The problem with the other method is somewhat subtle and we think that its ex-
planation provides some insight into the differences between the two protocols. We
will describe both methods, indicating why one does not work and how to adapt the
other for our purposes. The basic idea in both solutions is that although we cannot
discard information, we cai encode it. The important information that must remain
available in the orphan detection algorithm, and in our protocol as well, is that par-
ticular topactions have finished.4 Rather than remember that individual actions have
finished, we place a time constraint-either logical or physical-on the actions and
simply remember that all actions whose time constraint no longer holds must be fin-
ished. Thus, both methods work by limiting the lifetimes of actions in such a way
that any guardian can detect when an action's lifetime has expired. Since the orphan
detection information, as well as the information in committed and aborted sets, is
used to determine the outcomes of actions, once we know that an action's lifetime is

4 We can get away without knowing whether a topaction committed or aborted because any
guardian that needs to know that the action committed will find out during two-phase commit. We
made use of this property for the last optimization of Section 4.1.1.
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over we can remove the action's identifier from the sets.
The method that causes problems is the one based on physical time constraints.

The high-level reason is that we have control over the advance of logical clocks,
while we do not have this control with physical clocks. There is a critical period (a
..window of vulnerability") during two-phase commit, after participants have prepared
but before they learn the outcome, where we must be able to avoid advancing the
clock. We explain this in more detail below. First we describe the physical time limit
scheme and explain why it does not work. Then we describe the logical time limit
scheme and explain how to adapt it for our protocol.

4.2.1 Physical Time Limits

The first method limits lifetimes of actions by timing out individual topactions using
physical clocks. It is described in [Walker 1984, Liskov et al. 1987c]. The technique
requires that nodes have loosely synchronized clocks, i.e., that there be some value c
that bounds the clock skew among the nodes [Lundelius 1984, Marzullo 1983].

Basic Method. When each topaction is created it is assigned a deadline, which is
some time later than the current time of the clock at the node where the action is
created. The deadline can be much larger than the local clock; the choice of setting
depends upon the expected lifetime of the action. An action's deadline is included in
its action identifier. It is inherited by all descendants of the action.

A guardian may consider an action's lifetime to be over once the clock at the
guardian's node exceeds the action's deadline. Taking the clock skew into account, it
will then be safe to remove the action from done as soon as the local clock is greater
than the action's deadline plus c. After this point the guardian can determine that the
action has completed simply by comparing its deadline with the local clock. Waiting
the additional e guarantees that all other guardians can draw the same conclusion.

Problems in Adapting the Method. At first glance it seems that this scheme
may essentially be adapted unchanged for eliminating information from committed
and aborted sets in our protocol. Once a local action's deadline expires and the c time
period elapses, a guardian would assume that the action is aborted, if it has not heard
otherwise, and release the action's locks. No action would be allowed to commit once
its deadline expires. However, problems arise once an action prepares for two-phase
commit. The action's deadline could expire after the action has prepared and while
participants are waiting to hear of the outcome, but the action can no longer be
aborted unilaterally by any guardian other then the coordinator. For concreteness,
suppose action A is prepared for two-phase commit and action B runs at a guardian G
that is a participant in A's two-phase commit; G could also be the coordinator. Now
suppose that G has heard the outcome of the two-phase commit and has released



57

A's locks. So B could know A's outcome. Further suppose that A's deadline has
expired, causing G to remove A from its sets. Now B visits another participant that
has not yet learned the decision for A. B knows that it should be able to obtain any
locks held by A, but the participant does not necessarily know it and there will be
no information in the committed or aborted sets in the message for B that will help.
We will see that in the method using logical clocks it is possible to ensure that A's
"deadline" does not expire in the interval where the commit decision for A has been
made but not all participants have been notified.

4.2.2 Logical Time Limits

The second method limits lifetimes of actions by timing out groups of actions using
counters at guardians. The counters are, in effect, logical clocks [Lamport 1978]. The
basic method is described in [Liskov et al. 1987c].

Basic Method. Each guardian maintains a stable generation count, which it in-
crements periodically. When a topaction is created, the current generation count at
the creating guardian is stored in the action's identifier; this is called the action's
generation. Descendants of the topaction inherit its generation. The idea is that an
action's lifetime expires when the guardian that created its topaction moves to a later
generation.

Guardians enter their generation counts in a generation map at a logically central-
ized server. The server maps each guardian to a generation count and also maintains
an associated generation timestamp. Generation maps with older information have
earlier timestamps. The server provides operations to change the generation count
of a guardian and to read the generation map. By logically centralized we mean
that in a distributed system we would expect the server to be physically replicated
to ensure high availability. (A scheme for replicating such a server is described in
[Liskov 1987].)

Each guardian maintains a copy of the generation map and generation timestamp,
which it obtains from the server. After a guardian advances its generation count, it
waits for the completion of all of its topactions that belong to previous generations
and then updates its entry in the generation map at the server. The call to the server
will return a new generation map and generation timestamp.

Messages contain the generation timestamp of the sending guardian, along with
all action completion information that was already being sent. The timestamp in the
message is used by the receiving guardian to determine whether it must obtain more
recent generation map information. If its own generation timestamp is older than
that of the sender then it must communicate with the server to obtain information
at least as recent as the sender's (in order that it "know" everything that the sender
"knows").
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The purpose of the generation counts is !o allow the deletion of action completion
information that was previously being sent in messages. As soon as an action's
generation is older than the current generation for the guardian of its topaction, we
know that the action is finished. Thus the completion of many actions is encoded in
the generation map maintained at guardians, and the generation timestamp allows a
guardian to detect when its map is out of date.

Adapting the Method. We use the generation map information to determine when
lock holders have aborted. Let G.grnap be the generation map for guardian G. Define
generation(A), for an action A, to be the action's generation, and home(A) to be
the guardian of A's topaction. An action A may be removed from G.aborted or
G.committed once generation(A) < G.gmap(home(A)).

Timestamps in messages are used as follows. Each message M containing
M.aborted and Ai.committed also has a timestamp, M.ts, which is the generation
timestamp of the sending guardian. When the message is received at guardian G, if
Ml.ts > G.ts, or if they are incomparable, then G calls the refresh operation of the
server to obtain an up-to-date generation map. If M.ts < G.ts, then nothing special
need be done since G's generation map is at least as current as the sender's. (If
M.ts < G.ts then G may be able to discard some action identifiers from M.aborted
and 1f. committed based on its more recent generation map.) We can continue with
normal processing while waiting for the results of a refresh operation until the point
where an action attempts to get a lock and would fail. At that point we must have
current information to decide what to do about the lock request.

The modified lock propagation rules of Section 4.1.1 must also change slightly to
make use of generations. Suppose A wants to obtain a lock when B holds a conflicting
lock and A and B are descendants of different topactions . Let C = top(B). Before
concluding that we cannot locally determine enough information about B, we must
first check whether generation(B) < G.gmap(home(C)). If this is true, then B is
effectively aborted. (C must have been removed from the committed or aborted set.)

Finally, the crucial change that permits this scheme to work is that a guardian
may not update its generation count while any topaction with that generation is un-
dergoing two-phase commit. If the guardian does want to update its generation count
and no topaction is in the middle of phase two, then it may choose, as the coordinator,
to abort all topactions in phase one, thus ending their two-phase commits. However,
once the guardian has made the decision to commit a topaction, it is forced to wait
to update its generation count until it receives acknowledgments from all participants
that they have heard the outcome.

This last point can pose problems. The time to complete two-phase commit is
unbounded, since participants may crash and partitions may prevent participants
from communicating with the coordinator. A long delay in updating generation
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counts could have serious consequences for the performance of our protocol. If a
guardian cannot update its generation count but continues to run new topactions
then the committed and aborted sets could grow to be very large. We can devise
methods of dealing with this problem if it does not arise too frequently.

The basic cause of the problem is that lifetimes of all actions that run at a guardian
are tied together in the generation map by the common name of the guardian. Start-
ing a group of topactions in a new generation automatically implies that previously
created topactions will be in an old generation. When a guardian encounters long
delays in completing a two-phase commit, it might like to start new topactions in
a different generation without forcing the generation of previous topactions-in par-
ticular, the one whose two-phase commit is running-to become old. The guardian
cannot do this if it must enter a new generation count into the generation map with
the same name it used for the current generation count. However, we could allow the
guardian to "change its name" and enter a new generation count under a different
name than the old one. In effect, we allow a guardian to have multiple, independent,
"current generations" at a time. If extended delays in two-phase commit do not arise
often, it will be sufficient for a guardian to maintain a small fixed set of names to
cycle through.

The multiple-name scheme could work as follows. Every guardian has a circular
list of names, with a designated current name. When a two-phase commit is delayed,
the guardian switches its current name to the next name in the cycle and enters in
the generation map a generation count for that name that is larger than the previous
generation count for the name. It must be the case that all actions that previously
started with that name and its old generation count have finished running. Then the
guardian may start new topactions, inserting the generation count for its new name,
as well as the name itself, into the topactions' identifiers. Once the delayed two-
phase commit with the old name finishes, the guardian may increase the generation
count for that name also, allowing the identifier for the action being committed under
the old name to be garbage collected. This scheme will solve the problem, provided
that every delayed two-phase commit completes by the time the current name of the
guardian cycles back to the names under which they ran.

Increasing Generations. Long-lived actions could delay a guardian from updating
its generation count in the generation map at the server. To eliminate this problem
we can allow an action's generation to be increased. This idea is motivated by a
deadline extension method, developed for the physical time limit scheme, that allows
an action's deadline to be postponed when it seems likely that the original deadline
was too early. When a guardian wants to update its generation count at the server
it must first increase the generations of all topactions that have not yet completed.
Any future generation counts could be used; choosing one much later in the future
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may avoid further generation increases for very long actions.5

To increase the generation of a topaction, a guardian sends an increase generation
message to each guardian where a subaction of the topaction may still be running;
the message contains the new generation and identifies the subaction whose gener-
ation should be increased. Also, it sends an increase generation message to each
guardian of committed descendants of the topaction. This set of committed descen-
dants' guardians corresponds to the plist (for "participant list") that Argus stores for
each active action. The message to members of the plist contains the new generation,
the topaction's identifier, and the aborted set of the sending guardian. The recipient
can use the topaction's identifier to identify the local actions whose generations must
be increased and it can use the aborted set to avoid increasing the generations of
orphans. The recipient must union the aborted set with its own before increasing the
generations of non-orphaned actions (or releasing locks of orphans).

When a guardian receives an increase generation message, it updates the gener-
ation of the subaction if it is still active and sends an increase generation message
to all guardians where subactions of the increased subaction may still be running,
as well as to all members of the increased subaction's plist. In this way information
about the new generation reaches all guardians running descendants of the increased
topaction and holding locks on behalf of its committed descendants.

When a guardian has successfully increased the generations of a local subaction
and its descendants, it returns an acknowledgement message to the sender of the
increase generation message. (Guardians of active descendants must wait for ac-
knowledgements from all members of the plist. Guardians with no active descendants
return the acknowledgement after increasing the generations of all relevant lock hold-
ers). Once the topaction's guardian has received all acknowledgements, it may safely
assume that the topaction and all its descendants now have the new generation.

There is a race condition in the above method for increasing generations. What if a
guardian thinks that a remote subaction is still running because it has not yet received
a commit message when, in fact, the commit message is in transit? The guardian of
the remote action will no longer have the plist for the action. We can correct this
as follows. While a guardian is waiting for an increase generation acknowledgement
from the guardian of a supposedly active descendant, if it receives a commit message
for that descendant, then it sends increase generation messages out to all members
of the committing action's plist. If a guardian is in the process of performing a
generation increase for an action that commits, it must still fix the generation count
for the action locally and send an acknowledgement for itself but it need not wait for
acknowledgements from members of the plist since the parent's guardian will handle it.

5 Note that generation increases solve a different problem than that caused by delayed two-phase
commits. Generation increases will require comunication with all guardians visited by committed or
running descendants of a topaction, while the reason for the delay in a two-phase commit is exactly
the lack of ability to communicate.
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We must make sure that the acknowledgements for active actions are distinguishable
from those for committed actions because the acknowledgement could overtake the
commit message in the situation just described, and the parent must know to wait
for the commit message and then send messages to the members of the plist.

4.3 Interactions With Orphan Detection

Our commit protocol for nested actions interacts with orphan detection in two ways:

1. For the protocol to guarantee the eager diffusion semantics, crash orphan de-
tection must be performed.

2. The data maintained and propagated for the protocol subsumes the data
needed to detect abort orphans in the Argus abort orphan detection algorithm
[Liskov et al. 1987c].

We discuss these interactions in the following sections.

4.3.1 Crash Orphans

A crash orphan arises in Argus when a guardian storing volatile data (locks and
versions) depended upon by some active action crashes. The volatile data is lost as a
result of the crash, preventing the action from ever committing. As the example in
Figure 4.3 illustrates, the existence of crash orphans can interfere with the ability of
the protocol to support eager diffusion, even for non-crash orphans.

In the example, A.2 is a crash orphan since it could depend upon information
provided to its parent by A.1 and lost in the crash at G3 . After B.1 obtains the lock
on X at G3 , it could know that A.1 effectively never accessed X (this is true as a
result of the crash). Then B.2 could expect the lock on Y to be immediately available
at G 2; for example, it would expect this if there is a constraint on X and Y that X
is always locked before Y. So the eager diffusion semantics implies that B.2 can get
its lock. However, when G3 recovers from its crash, it has no information that A.1
ever ran there. There is no information for B.1 to pick up at G3 and transmit in its
RPC reply message that allows any future actions that know about B.l's commit to
know about A.1's effective abort. Thus the protocol, as defined in Chapter 3, could
not guarantee the eager diffusion semantics in this situation.

If the Argus crash orphan detection algorithm is being used, then the message sent
to G 2 creating B.2 carries enough information to detect that A.2 is a crash orphan.
This causes A.2's lock to be released before B.2 attempts to obtain it. Briefly, the
reason that A.2 can be detected as a crash orphan is that when A.1 committed to A
it carried the current crash count for G3 with it. This crash count was then carried
by A.2 to G2 on its RPC call message. When G 3 recovered from its crash, its crash
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A @ Gi B @ G4

A.1 @ G 3  A.2 @ G 2  B.1@ G3  B.2 @ G 2

write(X) write(Y) write(X) write(Y)

A.1 write-locks X, commits to A
A.2 write-locks Y
G 3 crashes
B.1 write-locks X, commits to B
B.2 attempts to write-lock Y

Figure 4.3: The effect of crash orphans on the ability of the protocol to ensure eager
diffusion.

count was incremented. Thus when B.1 committed to B, the crash count that was
returned to B for G3 was higher than the one returned by A.1. The higher crash
count for G3 was then sent along with the call message for B.2 to G 2. The obsolete
crash count for G3 associated with A.2 identifies A.2 as a crash orphan.

We would like to be able to identify the precise property of the Argus crash
orphan detection algorithm that is relied upon by our protocol. It is almost certainly
stronger than the orphan detection correctness property requiring that orphans not
see inconsistent states. Both informal and formal statements of the property would
be useful, allowing us to identify other crash orphan detection algorithms that would
work with our protocol and to prove rigorously that the Argus protocol really does
do enough to ensure the correctness of our protocol. This question remains a topic
for future research.

4.3.2 Abort Orphans

Abort, orphans do not interfere with the commit protocol in the way that crash
orphans do. This is because the protocol actually maintains enough information to
recognize abort orphans. The information maintained in the aborted sets at guardians
and in messages for the commit protocol is a superset of the information kept in the
done data structure in the Argus orphan detection algorithm. While done need only
contain identifiers of aborted actions that may have active remote descendants, the
aborted sets must contain identifiers of aborted actions that may have committed
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remote descendants as well. The abort orphan algorithm requires less information
because once an action is committed, there is no chance of it seeing an inconsistent
state when one of its ancestors aborts.

This observation naturally leads to the idea that in a system containing both the
Argus abort orphan detection algorithm and our commit protocol, the implementa-
tions of the algorithms could be optimized to share information. This sharing must
then be taken into account in considering the overhead cost of the commit protocol
in terms of performance. If the abort orphan detection algorithm is already in use
then the additional cost of the protocol is less than it may first appear to be.

4.4 Early Release of Read Locks

The optimization of releasing read locks early, during the first phase of two-phase
commit, interacts with our protocol in that it enables actions to have additional
knowledge about the execution status of other actions.6 Suppose an action A that
holds a read lock on an object X enters phase one of its two-phase commit. When
the guardian of X receives a prepare message for A, it releases A's read lock. Now
another action B is free to obtain a write lock on X. By obtaining the write lock, B
learns that one of the following is true: either A never accessed X, or the access by A
was effectively aborted, or A has started its two-phase commit (and possibly finished
it). With this knowledge, B could know that other read locks held by A should be
available, and it could even know that write locks held by A should be available, as
we explain below. As our protocol is described up to this point, the guardians where
A's locks are held will not necessarily have as much knowledge as B does if read locks
are released early.

There are two changes to our protocol that will ensure support for the eager
diffusion semantics when read locks are released early.

* A coordinator includes its aborted set and topactions from its committed set
on phase one prepare messages.

e We introduce a new set at each guardian called finishing. A topaction's identi-
fier is inserted into its guardian's finishing set when it begins two-phase commit.
Finishing sets are sent on RPC call and reply messages, lock propagation mes-
sages, and phase one prepare messages; the entire finishing set for the sending
guardian is propagated.

61n fact, the optimization and the accompanying discussion apply to other locking modes that
are similar to reads. The important characteristic of the lock mode that allows locks to be released
during phase one is that the effect on the object being locked is the same whether the lock holder
ultimately commits or aborts.
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An action identifier may be removed from the finishing set at a guardian as soon as
it appears in the aborted or committed set. Garbage collection of finishing sets can
be handled in the same way as for aborted and committed sets.

Three examples will help to illustrate how the modified protocol supports the
eager diffusion -emantics when actions can learn things by obtaining locks that were
released early. The first example shows why the finishing set is needed, and the second
and third examples demonstrate the reasons for sending the aborted and committed
sets, respectively, in phase one messages.

The first example is illustrated in Figure 4.4. The scenario is as follows. Topaction
A at guardian G, has two local descendants, A.1 and A.2. A.1 and A.2 each have
a single remote child, A.1.1 at guardian G2 and A.2.1 at guardian G3, that have
obtained read locks on objects X and Y, respectively. A starts its two-phase commit.
As a result, G2 receives a prepare message for A and releases A.1.1's read lock on X.
Topaction B starts running at G2 and obtains a write lock on X. We assume that B
knows that A.2.1 always locks Y only after A.1.1 has locked X and committed up to
A. Thus, when B obtains the write lock it knows that either A.1.1 never accessed X,
or A.1.1 was effectively aborted, or A started two-phase commit. B.1 is then created
at G3. Since B.1 knows everything that B knows, B.1 can expect to obtain a write
lock on Y.

Under the original version of our protocol, if G 3 has not yet received a prepare
message for A by the time B.1 requests the write lock, G3 might not have enough
information to release A.2's lock (it would be able to release the lock if A.2.1 had
aborted locally). With the above modifications, G3 will always have enough infor-
mation. Contained in the prepare message for A received by G2 are the finishing,
aborted, and toplevel committed sets of G 1, which G2 unions in with its own sets.
The finishing set contains A and the aborted set contains an ancestor of each of A's
aborted descendants. Thcse sets will be propagated to G3 on the RPC create message
for B.1. If A.2.1 has effectively aborted due to the abort of A.2, then G3 will be able
to determine this from the aborted set and release the read lock on Y. If A.2.1 has
committed up to A, then G3 will use the fact that A is in the finishing set (and thus
has started two-phase commit) to release the read lock on Y. In the latter case, G3

will also record that it is expecting a prepare message for A.
In this first example, the finishing set alone would actually have sufficed. If A.2

had aborted but G3 did not have access to a list of A's aborted descendants, then G3

could still release A.2.1's read lock based on the fact that A has started two-phase
comnit. It would then be expecting a prepare message for A that might never arrive.
At some later point, G3 would either learn that A.2 aborted through information
arriving in a later committed or aborted set, or it could query to G, to determine the
fate of A.2. In our second example, the inclusion of the aborted set on a phase one
prepare message will be crucial to the correctness of the protocol.

For the second example, we use the same action structure as in Figure 4.4, but this
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To

A 4 G <1B 4G 2
A.1G A.2 4G, write(X)

A.1.1 @ G2  A.2.1 G 3  B.1 0 G3
read(X) read(Y) write(Y)

Figure 4.4: Example 1: The effect of early release of read locks.

time A.2.1 will obtain a write lock on Y at G3 instead of just a read lock. Consider
the following (admittedly contrived) scenario.

" Action A runs at guardian G1. A has children A.1 and A.2. A.1 has child A.1.1
which runs at G2 and gets a read lock on an object X. A.2 has child A.2.1
which runs at G3 and gets a write lock on an object Y. A.1.1 and A.2.1 are
such that A.1.1 must commit up to A before A.2.1 ever runs. Furthermore, A
has the particularly strange behavior that it will only ever try to commit if A.2
aborts.

" Action B runs at guardian G2. It has a descendant B.1 that runs at G 3. B
obtains a write lock on X and B.1 obtains a write lock on Y.

* Execution proceeds as follows:

1. A Ptarts running at G1.

2. B starts running at G2.

3. A.1 starts running at G, and creates A.1.1 at G2.

4. A.1.1 obtains a read lock on X at G2, and then commits up to A.1, which
commits up to A.

5. A.2 starts running at G, and creates A.2.1 at G3.

6. A.2 obtains a write lock on Y at G 3 and then commits to A.2.

7. A.2 aborts.

8. A requests to commit.

9. A's two phase commit starts. G2 receives the phase one message and
releases A.l.1's read lock. G3 is not a participant in the two-phase commit
since A.2 aborted.

10. B obtains a write lock on X at G2.
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11. B.1 requests a write lock on Y.

The first question is whether, in step 9 of the execution, B.1 could expect to be
able to obtain the write lock on Y. The answer is "yes." When B obtains the write
lock on X in step 8 it knows that one of the following is true:

1. A.1.1 has not yet accessed X. In this case there will be no current lock holder
for Y since A.2.1 will not attempt to get the lock on Y until after A.1.1 accesses
X and commits up to A.

2. A.1.1 effectively aborted. If A.2.1 has not yet accessed Y, then the lock is
available. Otherwise, A.2.1 must also be effectively aborted, since A.1.1 would
have had to commit up to its least common ancestor with A.2.1 for A.2.1 to
ever access Y in the first place. So if A.1.1 is effectively aborted, then A.2.1
effectively never accessed Y.

3. A started two-phase commit. A would only attempt to commit if A.2 was
aborted.

Thus in each case, B.1 can reason that it should be able to get the lock.
Using our modified protocol, G3 will be able to grant B.1's lock request. G,

includes its aborted set in the prepare message sent to G2. This aborted set includes
representatives for each of A's aborted descendants. G 2 unions the aborted set in the
message with its own. Then in the create message for B.1, G2 includes its aborted
set. Thus G3 has enough information to determine that A.2.1 was effectively aborted.
Note that the finishing set received by G3 will contain A, but this is not enough
information to release A.2.1's write lock on Y. A write lock may not be released until
a guardian knows the true outcome of two-phase commit because the guardian must
know whether to make changes to the object permanent or discard them at the time
it releases the lock.

The third example, illustrated in Figure 4.5, presents a scenario where the early
release of read locks requires the information about committed topactions known to an
action undergoing two-phase commit to be propagated to all guardians that prepare
the action. In this situation, action A is the topaction that undergoes two-phase
commit. We assume that action A will only ever request to commit if it observes
another action C to have committed (it could do this if C wrote X, for example). A
starts two-phase commit after running two subactions, A.1 and A.2, that obtain read
and write locks on objects X and Y at guardians G2 and G3, respectively. Guardian
G2 receives a prepare message for A and releases A.1's read lock on X. After A.1's
read lock on X is released, action B.1, a subaction of topaction B, is able to obtain
a write lock on X. At the point that B. 1 obtains the write lock, it knows that one of
the following is true about A:
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A.1 A.2 B.1 B.2
OG2 GG3 OG2 AG3

read(X) write(Y) write(X) write(Y)

Figure 4.5: Example 3: The effect of early release of read locks.

* Either A.1 never obtained the lock on X, or

* A.1 was effectively aborted, or

* A has started two-phase commit.

B could then reason as follows:

* If A.1 never accessed X, or some ancestor of A.1 below lca(A.1,A.2) was
aborted, then A.2 never accessed Y (since it will only do so after AA com-
mits up to their least common ancestor). Thus B.2 should be able to obtain
the write lock on Y.

* If A.1 effectively never accessed X due to the abort of an ancestor of
lca(A.1, A.2), then A.2 effectively never accessed Y (because that aborted an-

cestor is also an ancestor of A.2). Thus B.2 should be able to obtain the write
lock on Y.

* If A has started two-phase commit, then B.2 may not be able to access Y.

Now, when B.2 tests the lock on Y and finds that it cannot obtain it, B can
conclude that A has started two-phase commit. This implies that C has committed.
Thus, if B or one of its descendants tries to access an object locked by C, they can

expect to obtain the lock. The only way to ensure that the system will be able to
grant a lock to B that is still held by C (in the case that news of C's commit has not
yet reached all guardians) is for B to carry along the information that C committed.
This information is present in the committed set at A's guardian since A has observed

C's commit.
Note that this last example relies upon B's ability to test a lock without waiting

for it. As we mentioned in Chapter 2, lock testing operations are usually provided for
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construction of user-defined atomic types and must be used carefully if serializability
of actions is to be preserved. \Ve think that when lock tests are used in the prescribed
manner, commit information is not required to be piggybacked on phase one prepare
messages. At present we do not know how to prove this.

Admittedly, the second and third examples are contrived, and we would be sur-
prised to see these scenarios arise in practice. However, their existance implies that
if we did not change the protocol in some way when read locks are released early
then we could not claim that the protocol ensures eager diffusion. Also, there may
be simpler, more natural examples than these, though we have not yet found any.

4.5 Improving the Performance of Lazy Diffusion

Lacking implementation data and more information about the nature of applications
that will be running in our systems, we do not know at this point whether our commit
protocol can be made to perform well enough to have an acceptable cost. However,
even if the protocol proves impractical, ideas from the protocol may be still be useful in
improving the performance of protocols that support only weaker semantic properties
such as the lazy diffusion semantics. In particular, handling of commits and aborts
of nested actions in Argus could benefit from ideas in our protocol.

4.5.1 Eliminating Information

The major efficiency problem with the full protocol is that of garbage collecting in-
formation about commits and aborts of topactions; the growth rate of the committed
set is of particular concern. If we are willing to abandon the eager diffusion 6eman-
tics, we can consider protocols similar to the one we proposed but where identifiers
of committed topactions are no longer stored in committed sets or sent in messages.
We may then choose among a range of possiblities for the amount of information
propagated about commits and aborts. In choosing, we can trade off storage space,
cost of garbage collection, and overhead incurred by larger messages against semantic
support and the cost of querying.

We still have a garbage collection problem in all cases considered below. However,
the rate of growth of information will be significantly smaller and thus the problem
is more amenable to well-known solutions. For the fully optimized version of our
protocol, under the assumptions that aborts are relatively infrequent and that large
groups of committed concurrent subactions with remote descendants are rare, we
can predict that the amount of information about subactions in the committed and
aborted sets should not be very large. Even if aborts are common for subactions, the
ability to replace subactions in the aborted sets by their ancestors should keep the
set at a managal)le size.

The cha., in Figure 4.6 illustrates a range of possible combinations of commit
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Figure 4.6: Combinations of commit and abort information sent in a message Ml
about action A. A' is an ancestor of A that is a proper descendant of top(A). Mc
and MA are the comitted and aborted sets sent in the full protocol. Crosses indicate
invalid combinations.
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and abort information. The row and column headings indicate the different amounts
of commit and abort information, respectively, that could be sent in messages. The
largest amount indicated in each case is the information that we have proposed to send
in the full protocol to support the eager diffusion semantics. The lesser quantities are
subsets of the information sent in the full protocol. Not all combinations of commit
and abort information make sense.

The alternatives that are crossed out in the chart are combinations that result
in an incorrect protocol. In those cases too little abort information would be sent
relative to the amount of commit information. Whenever an action is included in a
committed set, all of its aborted descendants must be represented in the corresponding
aborted set, either by being in the set themselves or by having an ancestor in the set.
Otherwise we might infer that some descendant of the committed action is committed
up to the action when, in fact, the descendant has an aborted ancestor.

All of the remaining alternatives result in correct protocols. According to the
semantics that can be supported, they range from lazy diffusion, where no commit
or abort information is sent and lock propagation is entirely query driven, to eager
diffusion, where the information sent is as specified in our protocol. It is difficult to
characterize precisely the semantics supported by the choices in between these two
extremes, although we can say something about the inferences that can be made by
a guardian receiving the information.

The first row of the chart eliminates the committed set entirely. Thus, a guardian
receiving a message about an action A with one of the indicated aborted sets will not
be able to infer the commits of any actions that are concurrent with A. For all choices
of abort information, the guardian can still infer commits for descendants of top(A)
that run sequentially before A, and it can infer that any descendant of an action in
the aborted set is effectively aborted.

In the second and third rows of the chart, we send a limited amount of commit
information. When sending a message about an action A, the idea is to choose some
ancestor, A', of A and just send commit information for descendants of A'. The choice
of A' could vary depending upon the amount of information that we are willing to
add to a message. In the third row, A' is the topaction of A. The receiving guardian
will then be able to infer commits for those relatives of A that run concurrently with
it and are included in the committed set, as well as for all descendants of top(A) that
run sequentially before A.

Another idea when sending a message about an action A is to send abort informa-
tion only for descendants of an ancestor, A', of A. as we do for commit information
in the second row. This turns out to be somewhat more complicated than the other
choices for abort information. Once we limit the abort information to descendants of
A'. we can no longer use that information to make inferences about non-descendants
of A'. The reason for this is related to the reason for the crossed-out choices in the
chart being incorrect: in order to infer commits for descendants of some action, all
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Figure 4.7: An action tree to illustrate the Argus optimization.

aborted descendants of the action must be represented in the aborted set. This is easy
to deal with for a single level of propagation; in the message for action A that includes
abort information for descendants of A', we simply note that A' is the cut-off point.
Then the receiving guardian knows not to make incorrect inferences upon receiving
the message. However, if the receiver then unions this abort information into its own
aborted set, it must be careful to remember the cut-off point for the information
in order to propagate correct information in future calls. This complicates the data
structures and algorithm to an extent that does not seem worth the trouble.

Although multiple-level propagation is not practical when abort information is
cut-off below the topaction, the single-level propagation of such abort information
can be useful. The current Argus implementation uses such an optimization.7 When
a handler call is made to a guardian that has already been visited by some prior
sequential descendant of a local ancestor of the call action, then some abort informa-
tion may be piggybacked on the call message. This abort information can be used to
propagate locks held by prior sequential relatives of the handler action. Figure 4.7
illustrates a situation in which this optimization applies. When call action B, creates
handler action Bh at guardian G2, it will notice that its ancestor C has a descendant
Ah that has already run at G2 . B, will then piggyback information about C's aborted
descendants on the call message for Bh. So if A, had aborted, for example, then any
locks held by Ah could be released and given to Bh. If Ah has instead committed up
to C, G 2 will be able to infer this and propagate its locks to Bh.

The optimization is applied for a single level of propagation; the receiving guardian
uses the information in the aborted set of the message to release locks and then dis-
cards the information. Thus, in our example, the abort information would not be
propagated to G3 on the call message for Dh even though it could be useful if Dh
requests a lock held by Eh. In Argus, guardians do not keep aborted sets explicitly--

'The optimization in Argus predates our work.
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instead, the abort information is obtained from the aborts list that is part of the state
associated with a running action. The optimization for Argus was developed to solve
a particular problem that was noticed during the development of an Argus applica-
tion. The Argus designers have observed that the optimization has been effective in
practice, and that the Argus protocol could be modified to piggyback more complete
action information on calls, if it seems desirable [Liskov et al. 1987a]. The alternatives
that we have considered here are generalizations of the Argus optimization.

4.5.2 Sequential Inference for Topactions

In Argus it is possible to write topactions that are sequential. That is, a later
topaction will not be started until the topactions before it have at least completed the
first phase of their two-phase commit. Once we have decided not to store complete
commit and abort information for top-level actions, and thus are not supporting the
eager diffusion semantics, the possibility of sequentiality for topactions becomes an
additional source of useful information.

In order to do sequential inference for topactions, we must be able to determine
whether two topactions are sequential based upon their action identifiers. The current
implementation of Argus does not support this, but it is not difficult to imagine how
it could be supported. One way to implement the action identifiers would be to
introduce a new field for a topaction identifier that identified its sequential group.
All topactions that are always run in sequence would be part of the same sequential
group, and would be in a different sequential group from any other topaction. An
extra counter at each guardian would provide the necessary names for sequential
groups at that guardian.

The sequential inferences that can be made for topactions depend upon how much
information is retained in the aborted set. First, assume that we retain no informa-
tion about topactions in aborted sets. Then, given that we can determine that two
topactions are sequential based on their identifiers, we can make inferences about
aborts of actions. In particular, if a later sequential topaction is running, we can in-
fer that an earlier sequential topaction must have finished the first phase of its commit
protocol, and the decision to commit or abort it has been made by its home guardian.
Thus. if a guardian holds a lock on behalf of a subaction of some topaction A, and
is not a participant in A's two-phase commit, then a request for the lock by some
later sequential topaction B indicates that the lock holder has been orphaned. If the
lock holder had committed up to A, then the guardian would either be a participant
awaiting the completion decision or it would have already released the lock.

As described above, no participant in A's two-phase commit can infer anything
based on the fact that B is running. B could have started running whether A aborted
or committed at, the end of phase one and, without more information, the participant
cannot determine the outcome. To make sequential inference for topactions even more
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useful we could insert identifiers of aborted sequential topactions into the aborted
sets at their guardians. (This must be done before any locks are released or later
sequential actions are created.) We then include in the aborted sets of messages for
B's descendants the topactions in B's guardian's aborted set that are sequentially
before B. A participant in A's two-phase commit that is visited by a descendant Uf
B can use the information to infer A's completion status and release locks held by A
or other actions prepared for A's commit.

Note that this optimization for sequential topactions is only worth considering in
the absence of the eager diffusion semantics. In the full protocol, whenever B creates
a remote subaction, A will be included in either the committed or aborted set in the
message that creates the subaction.



Chapter 5

Formalizing Eager Diffusion

In this chapter we present a formal definition of eager diffusion. The correctness
condition set forth here will be used in the next chapter to prove formally that the
unoptimized protocol presented in Chapter 3 is correct.' We believe that the formal-
ization is valuable for a number of reasons. First, the protocol, even in unoptimized
form, is non-trivial. It is very difficult to give correctness arguments that are both con-
clusive and informal. The correctness arguments in Section 3.5 were intended to give
the reader some intuition about why the protocol should work, but were not intended
to be complete. Second, the correctness condition-that the protocol guarantee eager
diffusion-is itself non-trivial. It is easier, given a formal model, to judge whether
the statement of the correctness condition actually captures our intent. Of course, in
using a formalization we run the risk that the model does not correspond correctly
to the actual system we are trying to describe. However, we can reason about the
correspondence of the model to reality independently of the particular protocol that
we are modelling. Third, it is clear that there are interactions between our proto-
col and other protocols in the systems we study. In particular, we have mentioned
interactions with orphan detection, top-level commit protocols, and concurrency con-
trol protocols. By formalizing the different protocols it becomes easier to study and
prove properties of their interactions. Also, it is easier to isolate the properties of the
protocols that affect their interactions with other protocols, independently of their
implementations in particular systems.

We have chosen as our formal model the Lynch-Merritt model of nested
transactions (the "LM-model") [Lynch & Merritt 1986b]. The model is based on
1/O automata, a simple formalization of communicating automata described in
[Lynch & Tuttle 1987]. Each nested transaction and data object is modelled explic-
itly by an I/O automaton. Transactions and objects interact with each other through

'This chapter did not appear in the original thesis. The definition of eager diffusion was formal-
ized, with the invaluable assistance of Alan Fekete, after the thesis was submitted. The proof in the
next chapter has been reworked somewhat to incorporate the definition, and a speculative section
that appeared in the thesis concerning a possible approach to formalizing eager diffusion has been
removed.
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a controller, which is another I/O automaton. The controller can be thought of as the
underlying "runtime system" that, for example, supports creation and completion of
transactions and handles communication among them. It is in the controller that we
embed our commit protocol.

Our choice of the LM-model for our formal work was influenced by a number of
factors. An important one is that the model is available and well-defined, and we have
previous experience working with it. Another consideration is that there is ongoing
work in using the LM-model to describe orphan detection protocols, concurrency
control algorithms, and commit protocols. By choosing a common formalization for
our algorithm, we hope to facilitate later study of the interactions among the different
algorithms in a formal setting. One drawback to the model is that it does not include
crashes of transactions and objects. The authors of [Lynch & Merritt 1986b] are
currently studying how best to incorporate crashes into the formal model.

We begin the Chapter by reviewing the basics of the LM-model. Large parts
of Section 5.1 are taken verbatim from the description in [Herlihy et al. 1987], with
all changes that we have introduced into the model so noted. We then proceed to
give our formal definition of eager diffusion, first introducing the subsidiary notion of
dependency relations on events in the formal model.

5.1 The Formal Model

This section describes the formal foundation upon which we base our descriptions
and proofs. There are two parts to thp model: I/O automata and nested transaction
systems. I/O automata are a general mechanism for describing concurrent systems.
Nested transaction systems are particular kinds of concurrent systems, with partic-
ular structures and conventions, that may be modelled using I/O automata. There
are many different aspects of nested transactions that can be modelled. If we were
interested in studying concurrency control algoriLhms, for example, then we would
want our model to reveal the concurrency among transactions explicitly. On the
other hand, if we were interested in studying applications that were built using trans-
actions, we would not need to model the concurrency because users of transactions
need not reason about other concurrent activities--one of the purposes of atomicity
is to mask concurrency. For our purposes in this chapter, we do require a model
that reveals how transactions actually execute, including the concurrent interleavings
of operations of different transactions. The formal systems that model these nested
transaction systems with concurrency are called generic systems.

First we describe the basic I/O automaton model, and then we describe generic
systems.
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5.1.1 Basic Model

The LM-model of nested transactions is based on the I/O automaton model for con-
current systems [Lynch & Tuttle 1987, Lynch & Merritt 1986b]. The model consists
of (possibly infinite-state) nondeterministic automata that have operation names as-
sociated with their state transitions. Communication among automata is described
by identifying their operations. For our purposes we need only consider a special case
of the general model that is concerned with finite behavior. This section reviews the
relevant definitions for I/0 automata.

I/O Automata. An I/0 automaton A has components states(A), start(A), out(A),
in(A), and steps(A). Here, states(A) is a set of states, of which a subset, start(A),
is designated as the set of start states. The next two components are disjoint sets:
out(A) is the set of output operations, and in(A) is the set of input operations. The
union of these two sets is the set of operations of the automaton. Finally, steps(A)
is the transition relation of A, which is a set of triples of the form (s', 7r, s), where
s' and s are states, and 7r is an operation. Such a triple means that in state s', the
automaton can atomically do operation 7r and change to state s. An element of the
transition relation is called a step of A. If (s', 7r, s) is a step of A, we say that r is
enabled in s'.

The output operations are intended to model the actions that are triggered by the
automaton itself, while the input operations model the actions that are triggered by
the environment of the automaton. We require the following condition, which says
that an I/O automaton must be prepared to receive any input operation at any time.

Input Condition: For each input operation ir and each state s', there
exists a state s and a step (s', 7r, s).

An execution of A is a finite alternating sequence So, r, s1 , 7r2,... of states and
operations of A, ending with a state. Furthermore, so is in start(A), and each triple
(s'. r, s) that occurs as a consecutive subsequence is a step of A. From any execution,
we can extract the schedule, which is the subsequence of the execution consisting of
operations only. Because transitions to different states may have the same operation,
different executions may have the same schedule.

If S is any set of schedules (or property of schedules), then A is said to preserve

.5 provided that the following holds. If a = a'7r is any schedule of A, where 7r is an
output operation, and a' is in S, then a is in S. That is, the automaton is not the
first to violate the property described by S.

Composition of Automata. We describe systems as consisting of interacting com-
ponents, each of which is an I/O automaton. It is convenient and natural to view
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systems as I/O automata, also. Thus, we define a composition operation for 1/0
automata, to yield a new I/O automaton.

A set of I/O automata may be composed to create a system S, if the sets of output
operations for the automata are disjoint. (Thus, every output operation in S will be
triggered by exactly one component.) The system S is itself an I/O automaton.
A state of the composed auotmaton is a tuple of states, one for each component,
and the start states are tuples consisting of start states of the components. The
set of operations of S, ops(S), is exactly the union of the sets of operations of the
component automata. The set of output operations of S, out(S), is likewise the union
of the sets of output operations of the component automata. Finally, the set of input
operations of S, in(S), is ops(S) - out(S), the set of operations of S that are not
output operations of S. The output operations of a system are intended to be exactly
those that are triggered by components of the system, while the input operations of
a system are those that are triggered by the system's environment.

The triple (s', ir, s) is in the transition relation of S if and only if for each compo-
nent automaton A, one of the following two conditions holds. Either 7r is an operation
of A, and the projection of the step onto A is a step of A, or else ir is not an opera-
tion of A, and the states corresponding to A in the two tuples s' and s are identical.
Thus, each operation of the composed automaton is an operation of a subset of the
component automata. During an operation ir of S, each of the components that has
operation 7r carries out the operation, while the remainder stay in the same state.
Again, the operation r is an output operation of the composition if it is the output
operation of a component--otherwise, 7r is an input operation of the composition.

An execution of a system is defined to be an execution of the automaton composed
of the individual automata of the system. If a is a sequence of operations of a system
S with component A, then we denote by a IA the subsequence of a containing all
the operations of A. Clearly, if a is a schedule of S, a I A is a schedule of A.

The following lemma from [Lynch & Merritt 1986b] expresses formally the idea
that an operation is under the control of the component of which it is an output.

Lemma 1. Let a' be a schedule of system S, and let a = a'ir, where 7r is an output
operation of component A. If a I A is a schedule of A then a is a schedule of S.

5.1.2 Generic Systems

In this section, we define generic systems, which consist of transactions, generic ob-
jects, and a generic controller. These systems model the way in which transactions
actually execute in a distributed system. Transactions and generic objects describe
user programs and data. respectively. The generic controller controls communication
between the components, and thereby defines the allowable orders in which the trans-
actions may take steps. All three types of system components are modelled as I/0
automata.
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We begin by defining a structure that describes the nesting of transactions.
Namely, a system type is a four-tuple (T, parent, 0, V), where T, the set of transac-
tion names, is organized into a tree by the mapping parent: T - T, with To as the

root. In referring to th;- tree, we use traditional terminology, such as child, leaf, least
common ancestor (Ica), ancestor and descendant. (A transaction is its own ancestor
and descendant.) The leaves of this tree are called accesses. The set 0 denotes the
set of objects; formally, 0 is a partition of the set of accesses, where each element of
the partition contains the accesses to a particular object. The set V is a set of values,
to be used as return values of transactions. The tree structure can be thought of as a
predefined naming scheme for all possible transactions that might ever be invoked. In
any particular execution, however, only some of these transactions will actually take
steps. We imagine that the tree structure is known in advance by all components of
a system. The tree will, in general, be an infinite structure.

The classical transactions of concurrency control theory (without nesting) appear
in our model as the children of a "mythical" transaction, To, the root of the transaction
tree. It is convenient to introduce the root transaction to model the environment in
which the rest of the transaction system runs. Transaction To has operations that
describe the invocation and return of the classical transactions. It is natural to reason
about To in much the same way as about all of the other transactions.

The internal nodes of the tree model transactions whose function is to create
and manage subtransactions, but not to access data directly. The only transactions
that actually access data are the leaves of the transaction tree, and thus they are
distinguished as "accesses". The partition 0 simply identifies those transactions that
access the same object.

A generic system of a given system type is the composition of a set of I/0 au-
tomata. This set contains a transaction automaton for each internal (i.e., non-leaf,
non-access) node of the transaction tree, a generic object automaton for each element
of 0, and a generic controller. These automata are described below. (If X is a generic
object associated with an element A' of the partition 0, and T is an access in A', we
write T E accesses(X) and say that "T is an access to X".)

For the rest of this chapter, we fix a particular system type (T, parent, 0, V).

Transactions. Transactions are modelled as I/O automata. In modelling transac-
tions, we try not to constrain them unnecessarily; thus, we do not require that they
be expressible as programs in any particular high-level programming language. Mod-
elling the transactions as I/0 automata allows us to state exactly the properties that
are needed without introducing unnecessary restrictions or complicated semantics.

A non-access transaction T is modelled as an I/0 automaton, with the following
operations:

Input operations:
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CREATE(T)

COMMIT(T', v), for T' E children(T) and v E V

ABORT(T'), for T' E children(T)

Output operations:

REQUEST-CREATE(T'), for T' E children(T)

REQUEST-COMMIT(T, v), for v E V

The CREATE input operation "wakes up" the transaction. The REQUEST-CREATE
output operation is a request by T to create a particular child transaction.2 The
COMMIT input operation reports to T the successful completion of one of its children.
and returns a value recording the results of that child's execution. The ABORT input
operation reports to T the unsuccessful completion of one of its children, without
returning any other information. We call COMMIT(T', v), for any v, and ABORT(T')

return operations for transaction T'. The REQUEST-COMMIT operation is an an-
nouncement by T that it has finished its work, and includes a value recording the
results of that work.

It is convenient to use two separate operations, REQUEST-CREATE and CREATE, to
describe what takes place when a subtransaction is activated. The REQUEST-CREATE
is an operation of the transaction's parent, while the actual CREATE takes place at the
subtransaction itself. Similar remarks hold for the REQUEST-COMMIT and COMMIT

operations.
We leave the execution of particular transaction automata largely unspecified;

the choice of which children to create, and what value to return, will dep-nd on the
particular implementation. However, it is convenient to assume that schedules of
transaction automata obey certain syntactic constraints. Thus transaction automata
are required to preserve well-formedness, as defined below.

We recursively define well-formedness for sequences of operations of a transaction
T. Namely, the empty schedule is well-formed. Also, if a = a'Ir is a sequence of
operations of T, where 7r is a single operation, then a is well-formed provided that a'
is well-formed, and the following hold:

0 If 7r is CREATE(T), then

1. there is no CREATE(T) in a'.

0 If 7r is COMMIT(T', v) or ABORT(T') for a child T' of T, then
2 Note that there is no provision for T to pass information to its child in this request. In a

proramming language, T might be permitted to pass parameter values to a subtransaction. Al-
though this may be a convenient descriptive aid, it is not necessary to include it in the underlying
formal 1nc-d(.,! Instead, we consider transactions that have different input parameters to he diff(r,-n(
transactions.
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1. REQUEST-CREATE(T') appears in a', and

2. there is no return operation for T' in a'.

" If i" is REQUEST-CREATE(T') for a child T' of T, then

1. there is no REQUEST-CREATE(T') in a', and

2. there is no REQUEST-COMMIT(T) in a', and

3. CREATE(T) appears in a'.

* If 7r is a REQUEST-COMMIT for T, then

1. there is no REQUEST-COMMIT for T in a', and

2. CREATE(T) appears in a', and

3. for each REQUEST-CREATE(T') that appears in a', for T' a child of T, a
return operation for T' appears in a'.'

These restrictions are very basic; they simply say that a transaction does not
get created more than once, does not receive repeated notification of the fates of its
children, does not receive conflicting information about the fates of its children, and
does not receive information about the fate of any child whose creation it has not
requested; also, a transaction does not perform any output operations before it has
been created or after it has requested to commit, does not request the creation of
the same child more than once, and does not request to commit before it has learned
the fate of all children whose creation it requested. Except for these conditions,
there are no restrictions on allowable transaction behavior. For example, a transac-
tion can request creation of new subtransactions at any time, without regard to its
state of knowledge about subtransactions whose creation it has previously requested.
Particular programming languages may choose to impose additional restrictions on
transaction behavior. (An example is Argus, which suspends activity in transactions
until subtransactions complete.) However, our results do not require such restrictions.

Generic Objects. Generic objects are similar to the abstract objects of Argus and
ot her "object-oriented" systems. A generic object provides a set of "operations" (not
to be confused with the operations of an I/O automaton) through which transac-
tions can observe and change the object's state. For uniformity and ease of expo-
sition, we niodel each possible instance of an "operation" as a subtransaction, here
called an access transaction. Accesses can be invoked by concurrent transactions,

3This restriction on transactions was not present in [Herlihy et al. 1987]. Instead, a precondition

on the COMMIT operation of the generic controller produced essentially the same effect. We found
it more convenient fbr our proofs to place the restriction on transactions, as have the authors of
[|lerlihy ef al. 1987] in some of their more recent work.
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and transactions can abort; thus, generic objects must provide synchronization and
recovery sufficient to ensure serializability of the transactions using them. For exam-
ple, the particular objects studied in [Lynch & Merritt 1986b], which use an exclusive
locking variation of Moss's algorithm [Moss 19811 for synchronization combined with
version stacks for recovery, have been shown to be correct for non-orphan transac-
tions [Lynch & Merritt 1986b]. Correctness of other generic objects has also been
shown: read/write locking is studied in [Fekete et al. 1987], more general locking ob-
jects are studied in [Fekete et al. 1988], and objects using timestamps are discussed
in [Aspnes 1987].

A generic object X is modelled as an I/O automaton, with the following opera-
tions:

Input Operations:

CREATE(T), T an access to X

INFORM-COMMIT-AT(X)OF(T)

INFORM-ABORT-AT(X)OF (T)

Output Operations:

REQUEST-COMMIT(T, v), T an access to X

The CREATE input operation starts an access transaction at the object. (Thus,
it corresponds to the invocation of an instance of one of the object's "operations".)
Similarly, the REQUEST-COMMIT output indicates that an access transaction has fin-
ished its work, and includes a value recording the results. The INFORM-COMMIT and
INFORM-ABORT input operations tell X that some transaction (not necessarily an
access to X) has committed or aborted, respectively.

As for transaction automata, we leave the executions of particular generic objects
largely unspecified. However, we do assume, as for transactions, that schedules of
generic objects obey certain syntactic constraints. Thus, generic objects are required
to preserve well-formedness, defined recursively as follows: First, the empty schedule
is well-formed. Second, if a = a'r is a sequence of operations of X, then a is well-
formed provided that a' is well-formed and the following hold:

" If 7r is CREATE(T), then

1. there is no CREATE(T) in a'.

" If 7r is a REQUEST-COMMIT for T, then

1. there is no REQUEST-COMMIT for T in a', and

2. CREATE(T) occurs in a'.



82

* If 7r is INFORM-COMNIT-AT(X)OF(T), then

1. there is no INFORM-ABORT-AT(X)OF(T) in a', and

2. if T is an access to X, then a REQUEST-COMMIT for T occurs in a'.

" If 7r is INFORM-ABORT-AT(X)OF(T), then

1. there is no INFORM-COMMIT-AT(X)OF(T) in a'.

These restrictions are quite basic. They state that a given access is created at
most once, and requests to commit at most once, and then only if it has been created.
In addition, an object should not be given conflicting information about the fate of
a transaction, i.e., it should not be told both that a transaction committed and that
it aborted. Finally, an object X should be told that an access to X has committed
only if the access actually requested to commit.

Generic Controller. The third kind of component in a generic system is the generic
controller. The generic controller is also modelled as an automaton. The transactions
and generic objects have been specified to be any I/O automata whose operations and
behavior satisfy simple syntactic restrictions. A generic controller, however, is a fully
specified automaton, particular to each system type. (Recall that we have assumed
that the system type is fixed; we describe the generic controller for the fixed system
type.)

Note that the generic controller defined here differs slightly from the one
in [Herlihy et al. 1987] because of the restriction we impose on transactions that
REQUEST-COMMIT not occur while returns of children are outstanding. This allows
us to omit a. precondition on the COMMIT operation of our generic controller that is
present in the generic controller in [Herlihy el al. 1987].

The generic controller has seven operations:

Input operations:

R EQUEST-CREATE(T)

REQUEST-COMMIT(T, v)

Output operations:

CREATE(T)

COMMIT(T, v)

ABORT(T)

IN FORM-COMM IT-A'(X )oF(T)

IN FORNI-AB 0RT-AT(.X)OF(T)
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The REQUEST-CREATE and REQUEST-COMMIT inputs are intended to be identified
with the corresponding outputs of transaction and object auotmata, and correspond-
ingly for the output operations.

Each state s of the generic controller consists of five sets: create-requested(s),
created(s), commit-requested(s), committed(s), and aborted(s). The set
commit-requested(s) is a set of (transaction, value) pairs, and the others are sets
of transactions. The initial state of the generic controller is denoted by So. All of the
components of so are empty except for create-requested, which is {To}. For a state
s, we define returned(s) = committed(s) U aborted(s).

The transition relation for the generic controller consists of exactly those triples
(s', 7r, s) satisfying the preconditions and postconditions below, where T is the indi-
cated operation. For brevity, we include in the postconditions only those components
of the state s that may change with the operation. If a component of s is not men-
tioned in the postcondition then the component is taken to be the same in s as in
S5.

" 7r = REQUEST-CREATE(T)

Post: create-requested(s) = create-requested(s') U { T}

S7r = REQUEST-COMMIT(T, v)

Post: commit-requested(s) = commit-requested(s') U {(T, v)}

" 7r = CREATE(T)

Pre: T E create-requested(s') - created(s')
Post: created(s) = created(s') U {T}

* 7r = COMMIT(T,v)

Pre: (T, v) E commit-requested(s')
T returned(s')

Post: committed(s) = committed(s') U { T}

r fl = ABORT(T)

Pre: T E create-requested(s') - returned(s')
Post: aborted(s) = aborted(s') U {T}

7 ' = INFORM-COMMIT-AT(X)OF(T)
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Pre: T E committed(s')

7r = INFORM-ABORT-AT(X)OF(T)

Pre: T E aborted(s')

The controller assumes that its input operations, REQUEST-CREATE and
REQUEST-COMMIT, can occur at any time, and simply records them in the appro-

priate components of the state. Once th creation of a transaction has been :c
quested, the controller can create it by producing a CREATE operation. The precon-
dition of CREATE indicates that a given transaction will be created at most once; the
postcondition of CREATE records the fact that the creation has occurred. Similarly,
the postconditions for COMMIT and ABORT record that the operation has occurred.
INFORM-COMMIT and INFORM-ABORT operations can be generated at any time after
the corresponding COMMIT and ABORT operations have occurred.

The precondition for the COMMIT operation ensures that a transaction only com-
inits if it has requested to do so. and has not already returned (committed or aborted).
Note that our well-formedness conditions on transactions guarantee that all children
whose CREATES have been requested by the committing transaction have returned.

The precondition for the ABORT operation ensures that a transaction will be
aborted only if a REQUEST-CREATE has occurred for it and it has not already re-
turned. There are no other constraints on when a transaction can be aborted, how-
ever. For example, a transaction can be aborted while some of its descendants are
still running.

The following lemma states some simple invariants relating schedules of the generic
controller to the states that result from applying them to the initial state.

Lemma 2. Let a be a schedule of the generic controller, and let s bc a state that
can result from applying a to the initial state so. Then the following conditions are
true.

1. T is in create-requested(s) exactly if a contains a REQIJEST-CREA'TE(T) opera-

tion.

2. T is in created(s) exactly if a contains a CREATE(T) operation.

3. (T, v) is in commit-requested(s) exactly if a contains a REQUEST-COMMIT(T, v)

operation.

4. T is in committed(s) exactly if a contains a COMMIT operation for T.

5. T is in aborted(s) exactly if a contains an ABORT(T) operation.

6. aborted(s) n committed(s) = 0.

Proof. Straightforward. n
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Generic Systems. The composition of transactions with generic objects and the
generic controller is called a generic system (of the given system type). The non-
access transactions and the generic objects are called the system primitives. The
schedules of a generic system are called generic schedules.

Define the generic operations to be those operations that occur in the generic
system: REQUEST-CREATEs, REQUEST-COMMITs, CREATEs, COMMITs, ABORTs,

INFORM-COMMITs and INFORM-ABORTs. For any generic operation 7r, we define
location(7r) to be the primitive at which ir occurs. (Each operation occurs both
at a primitive and at the generic controller; no operation, however, occurs at more
than one primitive.) For a generic operation 7r that occurs at a transaction, we define
transaction(r) to be that transaction.

A sequence of generic operations is called well-formed provided that its projection
on each generic primitive (transaction and generic object) is well-formed.

Lemma 3. Every generic schedule is well-formed.

Proof: As in [Herlihy et al. 1987]. m

Serial Correctness. In describing generic objects we mentioned that they must
provide synchronization and recovery sufficient to ensure serializability of the trans-
actions using them. Ultimately, we would like to prove that the generic systems we
use are correct in some sense that describes how transaction systems are supposed
to behave. The usual notion of correctness in much of the database literature on
transactions is serializability. In order to handle nested transactions and aborts,
the notion of serializability is generalized in the definition of correctness for generic
systems presented in [Lynch & Merritt 1986b].

While serial correctness of generic schedules is important, we are not concerned
with it in this thesis. The correctness condition for our protocol, which will be
presented in Section 6.1, has nothing to say about serializability. Since the systems
we define for our proof are generic systems, the serial correctness results for generic
systems will apply to our systems as well.

For a presentation of serial correctness, and a proof that particular generic systems
are serially correct, we refer the reader to [Lynch & Merritt 1986b].

5.2 Relating the Model to Reality

There are a number of differences between the formal model that we have just de-
scribed and the informal model of computation that we presented in Chapter 2 and
used in Chapters 3 and 4. Two general differences between the models are:

* Guardians. In our informal model, guardians are entities that contain transac-
tions, objects, and the part of the runtime system that manages those trans-
actions and objects. To incorporate guardians into the formal model we could
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partition the set of transactions and object primitives so that two primitives
are in the same partition exactly when they reside at the same guardian. We
would also have to "distribute" the controller by separating it into parts, one
to handle each partition of transactions and objects. The controller for each
guardian would no longer have access to the states of other controllers for other
guardians. We have not taken this step in the model for our protocol. How-
ever, it should be fairly straightforward to do so since, for the most part, our
descriptions rely only on information that would be locally available. This is
discussed further in the last section of this Chapter.

9 Access Transactions. Our informal model does not distinguish a class of trans-
actions that may create children but not access objects from a class of trans-
actions that may access objects but not create children. All transactions in
our informal model may do both. However, it is not difficult to imagine how
the informal model of transactions could be mapped to the formal model. We
can view the invocation of an operation on an object in the informal itiodel
as a CREATE for an access transaction; the response to the invocation is like a
COMMIT for the access transaction. In reality, rather than being performed in
a new nested transaction, these operations are simply performed as part of the
parent transaction.

There are other differences between the formal and informal models relating to
the ways in which we describe our protocol in each model. In the informal model,
committed and aborted sets are associated with guardians. In the formal model
we associate committed and aborted sets with operations (and hence, with transac-
tions or objects, according to the locations of the operations). We would consider
a "guardian's" committed (or aborted) set-if there were guardians in the formal
model-to be the union of the committed (or aborted) sets for all transactions and
objects residing at that guardian. Thus the formalization of the protocol maintains
information at a finer granularity than does the actual protocol. Associating the sets
with operations rather than directly with transactions or objects gives us even finer
granularity. By maintaining information at a fine granularity we are able to specify
the minimal information propagation necessary in the protocol to ensure the cor-
rectness condition. In the actual protocol we use a coarser granularity to eliminate
redundantly stored information, reducing space costs and associated computation
costs. Our formal proof still demonstrates the correctness of the coarser-grained pro-
tocol because the formalization of the protocol is nondeterministic. The description
allows more information to be included in committed and aborted sets (under certain
restrictions)--it simply does not require the extra information to be there.

Another difference between the formalization of the protocol and the actual pro-
tocol is that we do not directly model the sending and receiving of messages. We can
view the REQUEST-CREATE, REQUEST-COMMIT, and INFORM operations as initiating
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the sending of messages when the transaction or object involved in the operation is
at a "remote site". Any information that must be transferred between sites for the
operation is piggybacked on the messages.

One last point is that, in the formalization, we do not make assumptions about how
objects use the information in INFORM operations. An INFORM-COMMIT operation for
a transaction T in the formal model corresponds to information conveyed in an explicit
lock propagation message saying that T committed (one such message can produce
many INFORMs), or to the presence of T in the committed set of an incoming message,
or to an inference made about T's commit in the informal model. Similarly, an
INFORM-ABORT operation for T corresponds to an explicit lock propagation message
saying that T aborted, or to the presence of T in the aborted set of an incoming
message, or to an inference made about T's abort. In stating our formal correctness
conditions for the protocol we simply ensure that all necessary INFORM operations
have occurred by the time an access to an object occurs. We do not make any
statements about the propagation or release of locks, since our systems are defined
to work with all generic objects and only specific kinds of objects use locks. We
assume that the objects in our systems make appropriate use of the information they
receive. Clearly, we could narrow the formal specification of our system to use only
the intended kinds of objects and then prove that the objects propagate or release
locks as required.

5.3 Information Flow

We will make use of the notion of dependency relations, introduced in
[Herlihy et al. 1987], in the correctness conditions that we define in the next section.
We define two different dependency relations, similar to the affects relation defined
in [Herlihy et al. 1987], to model the information flow among transactions. The first
relation that we present models the flow of information about commits, while the
second relation models the flow of information about aborts. The reason for using
two different relations has to do with the nature of the information and our desire
for efficiency in our protocol. Recall froi - Section 3.1 that we may characterize the
commits known to a transaction A as a subset of the transactions that are visible
to A. We made use of this fact in deciding what information to propagate in our
protocol. Also recall that we could not characterize the aborts known to A in the
same way and thus could not use the same optimizations for the amount of abort
information sent in the protocol.

The dependency relations are defined in terms of events (particular operations
in a schedule) rather than transactions. The definitions of the relations state the
conditions under which one event affects another. Intuitively, when we say that an
event of transaction A affects an event of another transaction B we mean that once
the affected event of B occurs, the affecting event of A has occurred and is evidence
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for some piece of B's knowledge about A. For example, if when B is created, it knows
that A has committed, then the COMMIT of A affects the CREATE of B. If when B
is created, it knows that A effectively never accessed an object, and if in fact A did
abort, then the ABORT of A affects the CREATE of B.

5.3.1 Visible-Affects

We model the flow of information about conmits with the directly-visible-affects de-
pendency relation.

Definition 4. Let a be a sequence of generic operations, T and T' transactions, and
X a generic object. We say that T' is locally visible to T at X in a if, for each ancestor
T" of T' that is a proper descendant of lca(T, T'), an INFORM-COMMIT-AT(X)oF(T")

occurs in a.

Define the relation directly-visible-affects(a), for a sequence a of generic oper-
ations, to be the relation containing the pairs (0, 7r) of events 4 such that 0 occurs
before 7r in a, and at least one of the following holds:

e location(O) = location(r) = an object X, 7r is an output operation (i.e.,
REQUEST-COMMIT), T = transaction(7r), T' = transaction(o), and T' is lo-
cally visible to T at X in the prefix of a ending with 7r.

* location() = location(7r) = a transaction and 7r is an output operation.

S-= REQUEST-CREATE(T) and 7r = CREATE(T)

* - REQUEST-COMMIT(T, v) and 7r = COMMIT(T,v)

* . = REQUEST-CREATE(T) and 7r = ABORT(T)

• = COMMIT(T, v) and 7r = INFORM-COMMIT-AT(X)OF(T)

0 = ABORT(T) and 7r = INFORM-ABORT-AT(X)OF(T)

Define the relation visible-affects(a), for a sequence a of generic operations, to be
the transitive closure of directly-visible-affects(a). If the pair (0, r) is in the relation
directly-visible-affects(a), we say that 0 directly-visible-affects 7r in a, and similarly
for visible-affects(n).

The idea is that 0 directly-visible-affects ,r if they both occur at the same transac-
tion (and 7r is an output, since inputs can always occur), or if they both occur at the

'Formally, an event is a pair (i, ir), where i is a positive integer and 7r is an operation. An event
(i, 7r) is said to occurin o if the ith element of a is 7r. and the event (i, 7r) is an instance of r. To avoid
becoming entangled in notation, in this presentation we will not be overly formal in distinguishing
operations from events. For example, we will write that an event is CREATE(T), meaning formally
that its second component is CREATE(T).
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same object, 7r is an output, and the transaction mentioned in q is locally visible to
the transaction mentioned in ir, or if they involve different primitives but the precon-
ditions for the controller require 0 to occur before 7r can occur. This visible-affects
relation is "safe" in that it may be larger than necessary for particular transactions
and objects. Since we are not analyzing program texts to determine what particular
transactions actually could know based on the structure of their code, we choose a
relation that contains the most information that any transaction could ever know
based on the rules for constructing transactions. If the operations involve different
primitives, the preconditions for ir do require 0 to occur if 0 directly affects 7r. If the
operations occur at the same primitive, however, it might be that 0 happens to occur
before 7r, yet that the particular primitive does not require 0 to occur before 7r.

We do assume that objects perform concurrency control in accordance with the
visibility rules. A transaction executing an operation at an object should not gain
commit information about other transactions that have executed operations at the
object but are not yet locally visible to it. This is captured by the use of local visiblity
in the first clause of the relation.

5.3.2 Prefix-Affects

The directly-prefix-affects relation describes the flow of abort information around the
system. It is defined similarly to directly-visible-affects except that the first two
clauses are replaced by:

* location(C) = location(ir) and 7r is an output operation.

As for the previous relation, define prefix-affects(a) to be the transitive closure
of directly-prefix-affects(a). Thus € directly-prefix-affects 7r if they both occur at
the same primitive and 7r is an output, or if they involve different primitives but the
preconditions for the controller require 0 to occur before 7r can occur. This relation
is even more conservative than the previous one because it assumes that an operation
7r can know about all previous operations at an object-not just the ones that are
locally visible to it. We require a stronger assumption for aborts than for commits
because there is no property similar to visibility to limit the scope of the aborts that
a transaction can learn about. The prefix-affects relation is probably not the weakest
possible relation that describes what a transaction can know about aborts. However,
it is not clear what the weakest relation is, so we choose one that we know to be safe.

5.4 Correctness Conditions

The correctness result that we would like to prove is that our simplified protocol, as
modelled by the Inference Optimized Systems to be defined in Section 6.3, guarantees
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eager diffusion. In order to state and prove such a theorem we must first formalize
the definition of eager diffusion.

In previous chapters, we used an intuitive definition of eager diffusion that requires
a lock to be available when a transaction requesting the lock knows that it ought to be
available. We could translate this intuition directly into a formal definition. Instead
we choose to give a formal definition of eager diffusion that is not specific to locking
systems, and then explain how the definition could be applied to locking systems.

In Section 5.3.1 (Definition 4) we gave a definition of local visibility, which we then
used to define the visible-affect dependency relation. W can define a similar notion
of global visiblity.
Definition 5. Let a be a generic schedule, and T and T' transactions. We say that
T' is visible to T in a if, for each ancestor T" of T' that is a proper descendant of
lca(T, T'), a COMMIT(T") occurs in a.

Next, we use the notions of visibility to define when a transaction's fate is globally
determined with respect to another transaction and when a transaction's fate is locally
determined at an object with respect to another transaction.
Definition 6. Let a be a generic schedule, and T and T' be accesses to X. We say
that T"s fate is globally determined w.r.t. T in a, written a -- Q(T', T), if whenever
CREATE(T') is in a, then either T' is visible to T in a, or there is some ancestor T"
of T' for which ABORT(T") occurs in a.

Definition 7. Let a be a generic schedule, and T and T' be accesses to X. We say
that P"'s fate is locally determined w.r.t. T at X in a, written a F- C(T',T,X), if
whenever CREATE(T') is in a, then either T' is locally visible at X to T in a, or there
is some ancestor T" of T' for which INFORM-ABORT-AT(X)OF(T") occurs in a.

To understand how these definitions relate to locks, consider two transactions, A
and B, where A holds a lock on an object X that conflicts with a lock requested by
B on X. Once A's fate is globally determined with respect to B, the events that will
determine what happens to A's lock have already occurred. When A's fate becomes
locally determined with respect to B at X, then X will have the information that
allows it propagate or release A's lock and then grant B's request.

Now we define what it means for a transaction to know that the fate of one
transaction is globally determined with respect to another transaction. The definition
is based on the standard definition of knowledge[Halpern & Moses 1987], except that
we just consider knowledge at the end of a run (execution) as opposed to arbitrary
points in the run. The standard definition of knowledge simply says that a transaction
knows a fact if. in every execution of the system that looks the same to the transaction,
the fact is true.
Definition 8. Let a be a generic schedule, 1J any transaction, and T and T' accesses
to X. U knows that the fate of T' is globally determined w.r.t. T after a, written a I-
Ku(g(T', T)), if, for every generic schedule ,3 such that U = a I U, 0-- g(T', T).
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We define what it means for one system to implement another system.

Definition 9. A system S is an implementation of a system S' if all schedules of .5
are schedules of S'.

Finally, we can formalize the definition of eager diffusion.

Definition 10. Let S be an im'ementation of a generic system. S guarantees cager
diffusion if, for all schedules a of S ending in CREATE(T) for T an access trans-
action to some object X where T is not an orphan in a, VT' E accesses(X).a F
KT(9(T', T)) ==* a - £(T', T, X).

That is, for every T' such that T knows that T"s fate is globally determined with
respect to T, T"s fate is locally determined with respect to T at X.

This definition is actually stronger than what is required for locking systems.
There may be a T' such that T knows that T"s fate is globally determined with
respect to T, but for which there is no need for T"s fate to be locally determined
with respect to T at X because T' does not interfere with T's lock request. For
example, T' and T may both read X; in this case it would not be necessary for X to
know the outcome of T', which holds a read lock on X, in order to grant a read lock
to T. Since the definition of eager diffusion for locking systems is weaker than the
general definition given above, any protocol that guarantees eager diffusion under the
stronger definition, guarantees it under the weaker definition as well.



Chapter 6

Correctness Proof

Using the formal correctness condition developed in the previous Chapter, we now
present a formal description and rigorous correctness proof for the unoptimized proto-
col of Chapter 3. The proof proceeds as follows. We define three different systems of
I/O automata. Systems are composed of transactions, objects, and a controller. We
use the same transactions and objects in all of the systems and vary the controller.
The first system most directly ensures the correctness condition, relying upon global
state information to describe a constraint on accesses to objects. The second system
uses local information to guarantee the correctness condition. It corresponds to the
simple protocol without inference mechanisms that we used as an intermediate step
in our correctness arguments in Chapter 3. Finally, the third system corresponds
to the unoptimized protocol of Chapter 3, complete with sequential and descendant
inferences. At each step, we prove that the later system simulates the immediately
preceding system. Thus, the second system simulates the first one, and the third sys-
tem simulates the second one. The third system can then easily be shown to simulate
the first one by transitivity, and from this it is easy to show that the third system is
also correct by our definition.

In Appendix B we define a fourth system that includes one of the optimizations
described in Chapter 4. namely, the replacement of transactions in the aborted set by
their aborted ancestors. We prove that this system weakly simulates the third system
in that every non-access transaction sees the same thing in the fourth system as it
does in the third. The weak-simulation result does not directly imply that the fourth
system guarantees eager diffusion. In the appendix we discuss what is required to
show that the fourth system is actually correct. We have not formally modelled any
of the other optimizations suggested in Chapter 4.

6.1 Global Knowledge Systems

The most direct way to ensure that events affecting an access to an obiect are known
at the object when the access occurs is to add preconditions to CREATES of accesses
in the generic controller that require this condition to be satisfied. We call the generic
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controller modified in this way the Global Knowledge Controller (GKC). The compo-
sition of the GKC with transactions and generic objects is called a Global Knowledge
System.

6.1.1 The Global Knowledge Controller

The Global Knowledge Controller (GKC) is like the generic controller, except that it
has preconditions on CREATEs of accesses that delay the operation until the appro-
priate INFORM-COMMIT and INFORM-ABORT operations have occurred.

The GKC has the same seven operations as the generic controller. Each state S
of the GKC consists of six components. The first five are the same as for the generic
controller (i.e., create-requested(s), created(s), commit-requested(s), committed(s),
and aborted(s)). The sixth, history(s), is a sequence of generic operations. The initial
state of the GKC is denoted by so. As in the generic controller, all sets are empty in
so except for create-requested, which is {To}. history(so) is,the empty sequence. As
before, we define returned(s) = committed(s) U aborted(s).

The transition relations for all operations except CREATE(T), where T is an access,
are defined as for the generic controller, except that each operation 7r has an additional
postcondition of the form history(s) = history(s')r. In other words, the history
component of the state simply records the sequence of operations that have occurred.
The transition relation for the CREATE(T) operation, where T is an access, is defined
as follows.

e CREATE(T), T an access to X

Pre: T E create-requested(s') - created(s')
VT'.COMMIT(T', v) visible-affects CREATE(T) in history(s')CREATE(T)

INFORM-COMMIT-AT(X)OF(T') E history(s')

VT'.ABORT(T') prefix-affects CREATE(T) in history(s')CREATE(T) ==€

INFORM-ABORT-AT(X)OF(T') E history(s')
Post: created(s) = created(s') U {T}

history(s) = history(s')7r

At the point where an access to X is about to be created (and thus a lock test
may occur), an explicit test is performed to verify that for every T' such that a
COMMIT(T', v) or ABORT(T') operation affects the CREATE operation, the correspond-
ing INFORM operation for T' has occurred at X.

6.1.2 Global Knowledge Systems

A Global Knowledge System is the composition of transactions, generic objects
that satisfy Assumption 16 (explained below), and the Global Knowledge controller.
Schedules of a Global Knowledge System are called Global Knowledge schedules.
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The following lemma ,I.ates the effects on Global Knowledge schedules of the
precondition on CREATE operations in the Global Knowledge controller.

Lemma 11. Let a = a'7r be a Global Knowledge schedule, where 7r = CREATE(T)

and T is an access to X.

a. If 7r is visible-affected by COMMIT(T',v) in a, for some transaction T', then
INFORM-COMMIT-AT(X)OF(T') E a'.

b. If 7r is prefix-affected by ABORT(T') in a, for some transaction T', then
INFORM-ABORT-AT(X)OF(T') E a'.

Proof: Follows easily from the preconditions on CREATE in the definition of the
Global Knowledge Controller. m

The next lemma allows us to conclude that all results about generic schedules
hold for Global Knowledge schedules as well.

Lemma 12. Every Global Knowledge schedule is a generic schedule.

Proof: It is not hard to see that this is true since the Global Knowledge Controller
merely restricts the allowable schedules of the generic conroller and does not permit
any new schedules. The full proof of this lemma would be analogous to Lemma 9 in
[Herlihy et al. 1987]. m

6.1.3 Global Knowledge Systems Guarantee Eager Diffusion

We proceed to prove that Global Knowledge Systems guarantee eager diffusion as
follows. We define closure operators over sequences of generic operations based on
the prefix-affects and visible-affects relations defined in Section 5.3, and prove that
we can use these operators to extract from a generic schedule subsequences of generic
operations that themselves comprise a generic schedule. In order that subsequences
extracted using the visible-affects relation be generic schedules, we must make an
assumption about the generic objects in the system (this is the assumption referred
to in the previous section). Finally, we use the closure operators to prove that Global
Knowledge Systems guarantee eager diffusion.

Definition 13. Let a be a sequence of generic operations and H1 a set of events
in a. Define prfix-affects-close(a, H) to be the smallest subsequence f of a such
that for every 7r E H, and for every 0 E a such that (0,ir) E prefix-affects(a),
6 e 3. Define visible-affects- close(a, 11) similarly, with visible-affects(a) substituted
for prefix-affects(a).

A proof that the prcfix-affects-close operator can used to extract generic schedules
CaL be found in [Herlihy et al. 1987].
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Lemma 14. Let a be a generic schedule, and I1 a set of events in a. Then
prefix- affects- close (a, [1) is a generic schedule.

Proof: Follows from Lemma 8 in [Herlihy et al. 19871. 0

Now we want to prove that the visible-affects-close operator can be used to extract
generic schedules. First, we prove a small lemma stating that a transaction can only
be affected at an object by other transactions that are visible to it. Then we define
our assumptions on objects, and use this along with the lemma to prove the result
about visible-affects-close.

Lemma 15. Let a be a generic schedule. For all events 0, ir in a such that
location(O) = an object X, and 0 visible-affects r in a, T,6 is visible to T, in a.

Proof: By induction on the length of visible-affects chains. In the base case, consider
events 0 and 7r such that 0 directly-visible-affects 7r in a. If 7r is an output of X then.
by definition of directly-visible-affects, To is locally visible to T, at X in a, and thus
Tj is visible to T, in a. Otherwise, 0 = REQUEST-COMMIT(T, v) for T an access to
X and 7r = COMMIT(T, v), and clearly, T is visible to itself.

For the induction hypothesis, assume that the lemma holds for any appropriate
and 7r with a visible-affects chain of length at most k - 1. We will show that it holds
for any 0 and 7r with a visible-affects chain of length k.

Let 0 and 7r be events in a such that location(o) = X, 0 visible-affects 7" in a,
and 6 = 6'7r is a visible-affects chain between q and r of length k. Let 4' be the last
event in 6'. By the induction hypothesis, To is visible to Tp in 6' and hence, in c.
Now we consider cases for 0b.

1. 0 is an operation at an object X' and 7r is an output of X'. Then, by the induction
hypothesis, T, is visible to T, in a. By transitivity of visibility, T, is visible to
T..

2. 4' is an operation at a transaction T' and 7r is an output of T'. Then T, is either
the parent of T, or a sibling of T,. In either case, since 7'k is visible to TO, it is
also visible to T,.

3. TV, = T,. Then clearly, T, is visible to T,r in a.

The following assumption must be true of all objects in the system.

Assumption 16. Let a be a schedule of a generic object, X. Let I be a set of
events in a such that Vir E [1.VT C anc(T,}).INFORM-ABORT-AT(X)OF(T) a. Then
mIsible-affects-close(a, Ii) is a schedule of X.

'Though we have not proved it rigorously, we believe that the assumption is true of the !ockiil;
objects in which we are primarily interested.
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Lemma 17. Let a be a generic schedule, and 1R a set of events in a such that
V, G [I.VT G anc(T).ABORT(T) a. Then visible-affects-close(a, I) is a generic
schedule.

Proof: Let 3 = visible-affects-close(a, 11). We must show that /3 is a schedule of the
generic controller, and that for any non-access transaction T, /3 T is a schedule of T,
arid for any generic object X satisfying Assumption 16, /3jX is a schedule of X.

First, it is easy to see that /3 is a schedule of the generic controller. From the
definition of the visible-affects relation, whenever /3 includes an output 7r of the con-
troller, it will also include all previous operations required by the preconditions of the
controller for 7r to occur.

Next, consider any non-access transaction T. From the definition of
,isible-affects(a) it is easy to see that either3 T is a prefix of a 1 T, possibly followed

by some input operations at T, or 3 1 T = A (where A is the empty sequence). In
either case, clearly/3 1T is a schedule of T.

Finally, consider any generic object X that satisfies Assumption 16. We must show
that /3 1 X is a schedule of X. If 3 1 X = A then clearly this is true. Otherwise, consider
the set (D of events in /3I X. It is easy to see that /31 X = visible-affects-close(3 I X,4D).
Now, if we can show that for each 0 E 4), no INFORM-ABORT-AT(X) appears in B3 X
for any ancestor of To then Assumption 16 will tell us that /3 X is a schedule of X.
For each 0 E -(D, either E II or € visible-affects an event 7r E II. If 0 E IT then
clearly To is not a local orphan at X by the hypothesis of the lemma. So assume
6 TI. Then there is some operation 7r in 1I that is visible-affected by 0 in /3. By
Lemma 15, To is visible to T, in 3. Since T, is not an orphan in a, no ancestor of 7r
is aborted in /0. Since T5 is visible to T, in /, no ancestor of To below lca(Tk, T7r) is
aborted in /. Thus, no ancestor of To is aborted in /3. m

Finally, we can prove that Global Knowledge Systems guarantee eager diffusion.

Theorem 18. Global Knowledge Systems guarantee eager diffusion.

Proof: Let a be any GKS schedule ending in 7r = CREATE(T), whet. T is an access to
X and T is not an orphan in o,. Let U be an access to X. Assume a - KT(G(U, T)).
We must prove a I- £(U, T. X), that is, CREATE(U) E a implies that either U is
locally visible at X to T in a. or 31:' E anc(U).INFORM-ABORT-AT(X)OF(U') E a.
Assume CREATE(U) E a, since otherwise the proof is trivial.

Consider / = prefix-affects-close(a,{r, CREATE(U)}). By Lemma 14, 3 is a
generic schedule. Also, it is easy to see that 3 I T = CREATE(T) = a IT. Since
a -- KT(9(U, T)), either ABORT((') E 3 for U' E anc(U), or U is visible to T in 13.

Suppose ABORT(U') E 3. Then A9ORT(U') occurs either in
)rr.fi.r-affects-closc(a, r) or in prefix-affccts-close(a, CREATE(U)). If ABORT(') is in
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prefix-affects-closc(o, 7r), Lemma 11 tells us that INFORM-ABORT-AT(X)OF(U ') is .I'
a. Otherwise, if ABORT(U') is in prefix-affects-close(a, CREATE(U)) then Lemma 11
tells us that INFORM-ABORT-AT(X)OF(U') is in the prefix of a ending at CREATE(L),

and thus is in a.

On the other hand, suppose no ancestor of U is aborted in /3. Thus. U is vis-
ible to T in 3. Then consider - = visible-affects-close(a, {r,CREATE(U)J). By
Lemma 17, -y is a generic schedule. It is easy to see that -y is a subsequence of /3
such that -y T = a IT. Since a I- KT(Q(U, T)), we must have U visible to T in -y
(as no ancestor of U is aborted in -). But the COMMIT events for the ancestors of
U that are proper descendants of lca(U, T) cannot be in the visible-affects-closure of
CREATE(U), so they must be in the visible-affects-closure of 7r. Lemma 11 assures us
that INFORM-COMMIT-AT(X) operations have occurred in a for each of these ances-
tors of U. Thus, U is locally visible to T in a, as requircd. m

An additional result, which we will use later in proving that Inference Optimized
Systems guarantee eager diffusion, is that any system that implements a Global
Knowledge System also guarantees eager diffusion.

Theorem 19. Let S be an implementation of a Global Knowledge System. Then S
guarantees eager diffusion.

Proof: If S is an implementation of a Global Knowledge System, then every schedule
of S is a GKS schedule. We just proved in Theorem 18 that all GKS schedules have
the property required for eager diffusion. n

6.2 Local Unoptimized Systems

As an intermediate step between the Global Knowledge System and the system that
models our simplified protocol (including inferences) we define a system that models
the way in which local commit and abort information can be transferred through
the transaction tree, using explicitly recorded information. A Local Unoptimized
(LU) System models this flow of commit and abort information. It is composed of
transactions, generic objects, and the Local Unoptimized Controller (LUC). What we
will prove in the main theorem of this section is that the Local Unoptimized Controller
simulates the Global Knowledge Controller in that all well-formed schedules of the
LUC are also schedules of the GKC. This implies that, given an LU System and a
(K System with the same transactions and objects, all schedules of the LU System
are schedules of the GK System. In particular then, no transaction can tell whether
it is in an LU System or a GK System since anything it could see in the first system,
it could see in the second.
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6.2.1 Local Unoptimized Controller

The Local Unoptimized Controller (LUC) has the same seven operations as the
generic controller. Each state s of the LUC consists of nine components. The first
five are the same as for the generic controller (i.e., create-requested(s), created(s),
commit-requested(s), committed(s), and aborted(s)). The sixth and seventh,
informed-commit(s) and informed-abort(s), are mappings from objects to sets of
transactions. These components record the transaction commits and aborts, respec-
tively, of which each object has been informed. The eight and ninth components,
aort-map(s) and commit-map(s), are mappings from operations to sets of transac-
tions. Thex" record the transactions whose aborts and commits, respectively, affect
each operation. We allow the sets abort-map(s)(ir) and commit-map(s)(7r) to include
more transactions than those whose aborts or commits affect 7r in an execution.

As usual, the initial state is denoted by so, and all sets are initially empty in
";u except for create-requested, which is {TO}. The functions commit-map(s0 ) and
abort-map(s0 ) map each operation to the empty set. As usual, define returned(s)
committed(s) U aborted(s).

The transition relations for the operations of the LUC are defined as follows.
As usual, s' indicates the state before the indicated operation, and s indicates the
state after the operation. Also, every operation 7r contains the following additional
postconditions:

1. VO. commit-map(s')(0) C commit-map(s)(0)
2. V6. abort-map(s')(0) C abort-map(s)(0)
3. V4. abort-map(s)(0) C aborted(s)
4. V¢. commit-map(s)(€) C committed(s)

The first two conditions state that all commit-maps and abort-maps only grow over
the course of an execution. The third and fourth postconditions constrain commit-
maps and abort-maps to contain committed and aborted transactions, respectively.
This limits the nondeterminism of the controller.

All other state components remain the same from s' to s unless explicitly men-
tioned in the postconditions below.

* r = REQUEST-CREATE(T)

Post: create-requested(s) = create- requested (s') U { T}
V6.location(¢) = location(ir) =:,

commit-map(s')(O) _ commit-map(s)( r) and
abort-map(s')(0) C abort-map(s)(7r)

* 7 = REQUEST-COMMIT(T, v), where T is a non-access transaction
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Post: commit-requested(s) = commit-requested(s') U {(T, v))
V¢.location(o) = location(7r) ==*

commit-map(s')(¢) C commit-map(s)(ir) and
abort-map(s')(¢) _ abort-map(s)(7r)

" r = REQUEST-COMMIT(T,v), where T is an access to an object X

Post: commit-requested(s) = commit-requested(s') U { (T, v))
VO.location(O) = location(r) ==*

visible(transaction(4), T, X, s') == commit-map(s')(¢) C commit-map(s)(7)
and abort-map(s')(0) _ abort-map(s)(-r)

where visible(T', T, X, s) =
VT" ancestor of T' and proper descendant of lca(T, T').

T"E informed-commit(s)(X)

* 7r = CREATE(T)

Pre: T E create-requested(s') - created(s')
if T is an access to object X then

commit-map(s') REQUEST-CREATE(T)) C informed-commit(s')(X) and
abort-map(s')(REQUEST-CREATE(T)) _ informed-abort(s')(X)

Post: created(s) = created(s') U {T}
commit-map(s')(REQUEST-CREATE(T)) 9 commit-map(s)(r)
abort-map(s')(REQUEST-CREATE( T)) C abort-map(s)(ir)

" 7r = COMMIT(T, v)

Pre: (T,v) E commit-requested(s')

T io returned(s')
Post: committed(s) = committed(s') U {T}

commit-map(s')(REQUEST-COMMIT(T, v)) C commit-map(s)(ir)
abort-map(s')(REQUEST-COMMIT(T, v)) C abort-map(s)(%)
T E commit-map(s)(r)

* 7r = ABORr(T)

Pre: T c create-requested(s') - returned(s')
Post: aborted(s) = aborted(s') U {T}

commit-map(s')(REQUEST-CREATE(T)) C commit-map( )(r)
abort-map(s')(REQUEST-CREATE(T)) C abort-map(s)(ir)
T E abort-map(s)(r)
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r = INFORM-COMMIT-AT(X)OF(T)
2

Pre: T E committed(s)

Post: Vv.(T, v) E commit-requested(s') =:
commit-map(s')(COMMIT(T, z,)) C commit-map(s)(7r) and
abort-map(s')(COMMIT(T, v)) C abort-map(s)(r)

informed-commit(s)(X) = informed-commit(s')(X) U {T}

• ir = INFORM-ABORT-AT(X)OF(T)

Pre: T E aborted(s')
Post: commit-map(s')(ABORT(T)) 9 commit-map(s)(r)

abort-map(s')(ABORT(T) C abort-map(s)(7r)
informed-abort(s)(X) = informed-abort(s')(X ) U {T}

Essentially, this controller is passing around information in commit-maps and
abort-maps based on the affects relations defined earlier. Whenever an operation 40
directly-visible-affects another operation 7r, we make sure to include O's commit-map
in 7r's commit-map. Likewise, whenever 0 directly-prefix-affects 7r, we include O's

abort-map in r's abort map. By the time we get to a CREA1t E for an access, we
expect all transactions whose COMMITs and ABORTs affect the CREATE (according
to the appropriate affects relation) to be in the commit-map or abort-map for the
preceding REQUEST-CREATE and thus "locally" available to the CREATE. Below we
prove that this is, in fact, the case.

6.2.2 Local Unoptimized Systems

Local Unoptimized Systems are composed of transactions, generic objects that sat-
isfy Assumption 16, and the Local Unoptimized Controller. Schedules of a Local
Unoptimized System are called Local Unoptimized schedules.

A fact easily ascertained by examining the LUC program is:
Lemma 20. All sets of transactions in the LUC state increase monotonically.

The following two lemmas state properties about the transfer of commit and abort
information between operations related by the affects relations.

Lemma 21. Let a be an LUC schedule, -y an LUC execution such that schedule(-y) =

a. 6 and r events in a, and s' and s the states in -y immediately after 0 and 7r,
respectively. Then

2The postcondition here may be confusing. Since the value returned in the COMMIT operation is
riot part of the INFORM-COMMIT the postcondition requires commit-map(s')(COMMIT(Tv)) to be
included for all (T, v) in commit-requested(s'). For a given T, however, only one COMMIT(T, v) will
occur, so there will be only one such pair in commit-requested(s').
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(1) 4 directly-visible-affects i" in a ==, commit-map(s')(0) _ commit-map(s)(7r)

(2) 4 directly-prefix-affects 7r in a - abort-map(s')(0) C abort-map(s)(i-) .

Proof: Both (1) and (2) follow directly from the definition of the LUC and Lemma 20.

Lemma 22. Let a be an LUC schedule, and -y an LUC execution such that
schedule(y) = a.

(1) For all r, events in a such that € visible-affects 7r in a, s' and s states in -
after € and ir, respectively, commit-map(s')(¢) C commit-map(s)(7r).

(2) For all 4, 7r events in a such that 4 prefix-affects 7r in a, s' and s states in "
after € and 7r, respectively, abort-map(s')(¢) _ abort-map(s)(7r).

Proof: (1) By induction on the number of events in a visible-affects chain between
¢ and 7r. The basis is when the number of events is 0. Then 4 directly-visible-affects
r and the claim follows from Lemma 21.

For the induction hypothesis, assume that the claim is true for 4 and 7r where a
visible-affects chain contains at most k - 1 events between 4 and 7r. We will show
that it is true for all 4), 7t with visible-affects chains containing k operations between
6 and 7r. Fix any 0, 7r and a visible-affects chain with k events between 4 and iT

(there could be more than one). Let 0/ be the event in the chain immediately pre-
ceding 4 (i.e., ?0 directly-visible-affects 7r in a). Obviously, 4 visible-affects tL and
there is a visible-affects chain between € and 0 containing at most k - 1 events (it
is just the same chain with 7r eliminated). Let s" be the state in -y immediately
after ?4,. By the induction hypothesis, commit-map(s')(0) 9 commit-map(s")(0J).
By Lemma 21, commit-map(s")(b) C commit-map(s)(7r). Thus by transitivity,
commit-map(s')(0) C commit-map(s)(r).

(2) The same argument applies, substituting prefix-affects for visible-affects and
abort-map for commit-map. N

The following key lemma says that any time the commit (or abort) of a transaction
T visible-affects (or prefix-affects) another operation 4 in some schedule of the LU
system, then T will be in the commit-map (or abort-map) of 4 after 4 occurs. This
lemma makes the proof of the first simulation theorem straightforward.

Lemma 23. Let a be an LUC schedule, 7r an operation in a, and s a state of the
LUC after a. Then

(1) VT.CoMMIT(Tv) visible-affects an instance of 7r in a = T E
commit-map(s)(ir)



102

(2) V'T.ABORT(T) prefix-affects an instance of 7r in a ==* T E abort-map(s)(7r)

Proof: (1) Let 4' = COMMIT(T,v) be an event in a. Let 0 be an instance of r in
a such that 4, visible-affects 0. Let - be an LUC execution containing s such that
schedule(-y) = a. Let s' and s" be the states in -y after 0 and V,, respectively. By
Lemma 22, commit-map(s")(v/) 9 commit-map(s')(0). Looking at the LUC postcon-
dition on 4', we see that T E commit-map(s")(V,). Thus T E commit-map(s')(r) also.
Then by Lemma 20, T E commit-map(s)(7r).

(2) The same argument applies with V' = ABORT(T), prefix-affects replacing
visible-affects, and abort-map replacing commit-map. U

6.2.3 Simulation of GK Systems by LU Systems

The theorem of this section states that the LUC simulates the GKC in the strong sense
that every well-formed schedule of the first controller is a schedule of the second. A
simple corollary is that, given LU and GK systems composed of the same transactions
and generic objects, every schedule of the LU System is also a schedule of the GK
System.

Theorem 24. Every well-formed LUC schedule is a GKC schedule.

Proof: By induction on the length of LUC schedules. Let a be an LUC schedule.
The basis, a of length 0, is trivial. For the induction hypothesis, assume the claim
holds for a of length n - 1. We will show that it holds for a of length n.

Let a = a'7r be an LUC schedule of length n where 7r is a single operation. Let
s' be a state of the LUC after a' in which 7r is enabled, and let t' be the state of the
GKC after a'. (By the induction hypothesis, a' is a schedule of the GKC and so t'
exists. Since the GKC is deterministic, t' is uniquely defined.) We must show that 7r
is enabled in state t'. The only case that is not immediate is where 7r = CREATE(T),
where T is an access to X.' What we must show, in effect, is:

(1) VT'.COMMIT(T'. v) visible-affects CREATE(T) in a ='

INFORM-COMMIT-AT(X)OF(T') E a , and
(2) VT'.ABORT(T') prefix-affects CREATE(T) in a =

INFORM-ABORT-AT(X)OF(T') E a .

(1) Let T' be such that COMMIT(T',v) visible-affects CREATE(T) in a. By
well-formedness conditions and the definition of the visible-affects relation, we
know that there must be a REQUEST-CREATE(T) operation in a' and that

31t is easy to see that the first five state components of s' will be equal to the corresponding
components of '. Since the GKC preconditions for operations other than CREATE only mention
those components it is easy to see that when r # CREATE, 7r will be enabled in t' if it is enabled in
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COMMIT(T', v) visible-affects REQUEST-CREATE(T) in a'. By Lemma 23, T' E
commit-map(s')(REQUEST-CREATE(T)). Since 7r is enabled in s', it must also be
the case that T' E informed-commit(s')(X). Looking at the LUC program we see
that the informed-commit set is only added to by the INFORM-COMMIT operation.
Thus INFORM-COMMIT-AT(X)OF(T) must occur in a'.

(2) A similar argument applies (using the prefix-affects relation instead of visible-
affects). *

6.3 Inference Optimized Systems

The final step towards modelling the simplified protocol is to verify that the inference
mechanisms that reduce the size of the committed set are valid. In the LUC, every
time a transaction commits it is added to a commit-map. In the simplified protocol,
we do not actually remember all commits since some commits can be inferred based
on information in the aborts set and information about the transactions (the structure
of the transaction tree and which transactions have been created).

In this section we define the Inference Optimized Controller (IOC). The controller
uses explicitly recorded information about commits, together with information about
aborts and the structure of transactions, to test that all relevant inform operations
have occurred before an access to an object is enabled. We define Inference Opti-
mized Systems and show that the Inference Optimized Controller simulates the Local
Unoptimized Controller in the sense that all well-formed schedules of the IOC are
schedules of the LUC. This implies that every well-formed IOC schedule is also a
GKC schedule, and thus, every Inference Optimized schedule is a Global Knowledge
schedule. The proof that 10 Systems are correct is then trivial.

6.3.1 Assumptions About Transactions

The definition of the IOC relies on some assumptions about the structure of transac-
tions.

We assume that the children of a transaction T are partitioned into concurrency

groups. The concurrency groups are partially ordered by the relation < such that a
child T' of T in concurrency groups G is only request-created if, for all groups G' of
transactions that have already been request-created by T, G' < G. All transactions
must obey this restriction. A transaction may request the creation of any of the
transactions in a particular currency group G without waiting for returns of other
transactions in G whose creates have been requested. A transaction may not request
the creation of any member of a group until all transactions in other groups whose

creates have been requested have returned.
A child T' of T in group G is a later sequential sibling of another child T" of T

in group G' if G' < G. Similarly, T" is a prior sequential sibling of T' in that case.
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Children of T in the same concurrency group are called concurrent siblings.
Every transaction may itself be classified as concurrent or sequential. A trans-

action is sequential if its concurrency group is of size 1. Otherwise the transaction
is concurrent. The predicate concurrent(T) is true if and only if transaction T is
concurrent.

6.3.2 Inference Optimized Controller

Each state of the Inference Optimized Controller has the same first eight state com-
ponents as the LUC. Instead of the commit-map, the ninth component of the IOC
state is called cmap(s). It is also a mapping from operations to sets of transactions.
However, it is named differently to emphasize that it will contain different informa-
tion than the commit-map of the LUC. Rather then recording all commits known to
a particular operation. it records only those commits that cannot be inferred by other
means.

The following notation and definitions are used in the description of the Inference
Optimized Controller.

We introduce a shorthand for referring to relationships of transactions in the
transaction tree. We use the the notations desc(T), prop-desc(T), anc(T), and
prop-anc(T) to refer to the sets of descendants, proper descendants, ancestors, and
proper ancestors, respectively, of a transaction T. For a transaction T, and a set of
transactions S, define:

cpa(T, S) = {T' E S parent(T') E prop-anc(T)}
("children of proper ancestors of T in S")

ca(T,S) = {T' E S I parent(T') E anc(T)}
("children of ancestors of T in S")

c(T, S) = {T' E S I parent(T') = T}
("children of T in S")

cpd(T,S) = {T' E S I parent(T') E prop-desc(T)}
("children of proper descendants of T in S")

cd(Ts ) = {T' E S I parent(T') E desc(T)}
("children of descendants of T in S")

The notation T, refers to the transaction argument of operation 7r. For example, if
= REQUEST-COMMIT(T, v), then T, = T, and if 7r = COMMIT(T', v) then T, = T'.

Note that in the first case, location(r) = T,, while in the second case location(r) =
parent(Tr).

Given an operation and a state of the system in which the operation has occurred,
it is possible, by reasoning about sequentiality of transactions, to infer that particular
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transactions must have returned in the state if they were ever created. seq-infu'(, 7r)
is a set of transactions that may be inferred to have returned in this way. We restrict
the set to contain only children of ancestors of T, because they are all that will be
needed for our purposes. (Later we will apply a closure operation to the set to obtain
the descendants of the transactions in the set that have actually committed).

seq-infer(s, 7r)

if has-occurred(s, r) then
{T E created(s) I T, is a descendant of a later sequential sibling of T, or

ir = REQUEST-COMMIT(T', v) or COMMIT(T', v)
or INFORM-COMMIT-AT(X)OF(T') and T is a child of T'}

else 0

has- occurred(s, ir) =

if 7r = REQUEST-CREATE(T) then T E create-requested(s)
elseif 7r = REQUEST-COMMIT(T, v) then (T, v) E commit-requested(s)
elseif 7r = CREATE(T) then T E created(s)
elseif 7r = COMMIT(T, v) then T E committed(s)
elseif 7r = ABORT(T) then T E aborted(s)
elseif 7r = INFORM-COMMIT-AT(X)OF(T) then T E informed-commit(s)(X)
elseif 7r = INFORM-ABORT-AT(X)OF(T) then T E informed-abort(s)(X)

A complementary definition to seq-infer, conc-infer(s,7r) is the set of transac-
tions concurrent with Tp that are known to be committed by operation 7r in state
s. The definition does not parallel seq-infer in that information about concurrent
transactions must be recorded explicitly because it cannot be inferred. Again, we are
interested only in children of proper ancestors of T,,. conc-with(T, S) is the subset of
transactions in S having ancestors that are concurrent siblings of ancestors of T.

conc-with(T, S) = {T' E S I T, T' are descendants of concurrent siblings }

conc-infer(s, 7r) = conc-with(T,, cpa(T,, cmap(s)(7r)))

cmt-closure is a closure operation on a set of created transactions C, a set of
aborted transactions A, and a set of of returned actions, R, that produces all created
transactions that are descendants of transactions in R and that have committed.

desc(R) = UTER desc(T)

non-orphans(A, R) = {T C desc(R) I anc(T) n desc(R) n A = 0}

cmt-closure(C, A, R) = C n dcsc(R) n non-orphans(A, R)
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The cm t-closures that we will be interested in for the IOC are those starting from
seq-infer and cone-infer.

all-seq(s, 7r) = cmt- closure (created (s), abort-map(s)(7r), seq- infer(s, r))

all-conc(s, ir) = cm t- closure (created(s), abort-map(s)(7r), co nc- infe r(s, ir))

known-vis(s, ir) = all-seq(s, 7r) U all-conc(s, 7r )

We now proceed with the definition of the Inference Optimized Controller. As
uisual, the initial state of the IOC is denoted by so, and all sets are initially empty in so
except for create- requested, which is f{T 0}. The functions cmap(so) and abort-map(s0 )
map each operation to the empty set. As usual, define returned(s) =committed(s) U
aborted(s).

In the transition relations for the operations of the IOC defined below, every
operation 7r contains the following additional postconditions:

2. cmap(s)(7r) Ccommitted(s)
3. abort-map(s')(wr) 9 abort- map (s) (ir)
4. abort-map(s)(7r) C aborted(s)
5. VT Ecmap(s)(7r).VT' E aborted(s) nl prop-desc(T).

anc(T') nl abort-map(s)(7r) -*i prop-desc(T) # 0

The first four postconditions are similar to those in the LUC, although they apply
only to 7r, whereas in the LUC they are quantified over all operations. The fifth
postcondition will be explained after we describe the controller.

All other state components remain the same from s' to s unless explicitly men-
tioned in the postconditions below.

0 7r = REQUEST-CREATE(T)

Post: create- requested (s) = create- requested (s') U f{TJ
Vo.location(o) = local ion(7r ) ==>

conc-wi'th(T, cpa(T, cmap(s')(0))) 9 cmap(s)(7r) and
abort- map(s') (0) 9 abort-map(s)(7r)

* r=REQUEST-COMMJT(T, v)

Post: commit-requested(s) = commit- requested (s') U {(T,v)}
Vdb.localion(o~) = location(ir) =----.

conc-7vith(T, cpa(T, cmap(s')( 4))) 9 crnap(s)(7r) and
abort- map (s') (6) g abort-map(s)(7r)
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e 7r = CREATE(T)

Pre: T E create-requested(s') - created(s')
if T is an access to object X then

known-vis(s', REQUEST-CREATE(T)) C informed-commit(s')(X) and
abort-map(s')( REQU EST-CREATE(T)) C informed-abort(s')(X)

Post: created(s) = created(s') U {T}
cmap(s')(REQUEST-CREATE(T)) g cmap(s)(r)

abort-map(s')(REQUEST-CREATE(T)) C abort-map(s)(r)

* 7r = COMMIT(T, t)

Pre: (T,tv) E commit-requested(s')
T returned(s')

Post: committed(s) = committed(s') U {T}
cmap(s')(REQUEST-COMMIT(T, v)) g cmap(s)(r)
abort-map(s')(REQUEST-COMMIT(T, v)) _ abort-map(s)(wr)
if concurrent(T) then T E cniap(s)(r)

* 7r = ABORT(T)

Pre: T E create-requested(s') - returned(s')
Post: aborted(s) = aborted(s') U {T}

cmap(s')(REQUEST-CREATE(T)) g cmap(s)(7r)
abort-map(s')(REQUEST-CREATE(T)) U {T} C abort-map(s)(7r)

* 7r = INFORM-COMMIT-AT(X)OF(T)

Pre: T E committed(s')
Post: Vv.(T, v) E commit-requested(s')

cmap(s')(COMMIT(T, v)) g cmap(s)(r) and
abort-map(s')(COMMIT(T, v)) g abort-map(s)(r)

informed-commit(s)(X) = informed-commit(s')(X) U {T}

* 7r = INFORM-ABORT-AT(X)OF(T)

Pre: T E aborted(s')
Post: cmap(s)(ABORT(T)) C cmal)(s)(7r)

abort-map(s')(ABORT(T)) C abort-rnap(s)(7r)
informed-abort(s)(X) = informed-abort(s')(X) U {T}
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This controller incorporates the two inference mechanisms described in Chapter 3
and used in our simplified protocol. Sequential inference is intended to be captured
in the definition of seq-infer. It says that if a transaction T is running then any
transaction T' that is a descendant of a prior sequential sibling of an ancestor of T
and that has been created must have finished. Descendant inference is captured by
the definition of cmt-closure, which says that if T knows that T' has finished then
any descendants of T' that are not in T's abort-map must have committed. One way
T could know that T' is finished is by sequential inference, and the other is by T"s
presence in T's cmap.

In our informal description of the protocol the inference mechanism was used in
the lock propagation rules. The information in the committed and aborted sets, as
well as inferences that could be made from that information, was used to determine
whether a current lock holder had aborted or committed up to its least common
ancestor with a lock requestor. In our formal model we do not talk about the specific
actions taken by an object that allow an access to occur (and we do not assume that
objects use locking for concurrency control). So we must model the inferences in a
different way. In the IOC, before an access to an object is created we require INFORM
operations to occur at the object for all transactions that could be inferred to have
committed or aborted based on the access operation's cmap and abort-map. Thus
we are "precomputing" all inferences that an object could possibly need to make for
an access rather than computing only the specific inferences that are actually needed
for the access. If we had more information about the objects in the system we could
limit the INFORM operations required at an object for an access to occur to only those
actually used for the access.

This controller differs in detail from the LUC in a number of ways. The major
differences involve the information added to cmaps, as compared to the information
added to commit-maps in the LUC, and the precondition on CREATE(s) of accesses
that delays the CREATE until all necessary INFORM operations have occurred.

One difference in the information added to cmaps can be seen in the postcondition
for COMMIT. In the IOC we only add a transaction to a cmap if it is concurrent, as
compared to the LUC where we always add transactions to commit-maps when they
commit. In the IOC, if a transaction is sequential, all later transactions will be able
to infer that it has committed.

Another difference in the information added to cmaps shows up in the postcon-
ditions for REQUEST-CREATE and REQUEST-COMMIT for a transaction T. For 7r =
REQUEST-CREATE or REQUEST-COMMIT, instead of passing O's cmap to ir for all op-
erations 6 that directly-visible-affect 7r (as is done in the LUC), we pass through only
part of ¢'s cmap, namely, the children of proper ancestors of T that are concurrent
with T. The COMMITs of transactions that are sequential with T will be inferred
through sequential inferences. Those that are descendants of the concurrent children
of proper ancestors of T will be inferred by the cmt-closure over the concurrent infer-
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ences. Any transactions other than children of proper ancestors of T that happen to
be in O's cmap must be extraneous to T. For example, consider a transaction T' that
is in &'s cinap and that is not a descendant of any transaction in the cmap that is a
child of a proper ancestor of T. If T does not know about the commit of T"s ancestor
that is a child of a proper ancestor of T, then it cannot really know about T"s commit
(and knowing it would not be sufficient for T to get a lock from T', anyway).

The third difference between the IOC and the LUC is in the precondition on
CREATEs of accesses. The IOC requires inform operations for all transactions that
can be inferred to have committed, while the LUC requires inform operations for
transactions in the commit-map. We will show in the proof that known-vis effectively
plays the same role in the IOC that commit-map plays in the LUC.

There are two other technical differences. The first is that the postconditions on
all operations for the LUC allow commit-maps and abort-maps to change for all Q
at each step of an execution. In the IOC, the cmap and abort-map for an operation
may change only when the operation occurs. (If there are multiple instances of the
operation then the sets may change multiple times. The only operations that may
have multiple instances in a schedule of the system are the INFORM operations.)

The second technical difference is the addition of the fifth postcondition on all
operations in the IOC. The postcondition has the effect of limiting the amount of
non-determinism in the controller. It requires that whenever a transaction is added
to a cmap, enough information is added to the corresponding abort-map to infer
which of the descendants of the transaction are committed. If we allow a transaction
with aborted descendants to be added to the cmap without adding corresponding
information to the abort-map then we might incorrecty infer that those descendants
are committed. In an implementation of the controller that keeps only the minimal
amount of information in cmaps this postcondition would be redundant. (This claim
requires a proof, which should not be very difficult, although we do not provide one
here.)

6.3.3 Inference Optimized Systems

Inference Optimized Systems are composed of transactions, generic objects that sat-
isfy Assumption 16, and the Inference Optimized Controller.

The following lemmas about the behavior of the IOC follow easily from the IOC
program and are offered without proof. For these lemmas, let o be an IOC schedule.
and -j an IOC execution such that schedule(7y) = a.

Lemma 25. Let 0 = COMMIT(T, v) E a and s a state some time after & in y. Then
T E committed(s).

Lemma 26. Let 6 be any operation and s a state in -7. Then cmap(s)(0) C
corninit ted(.s).
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Lemma 27. Let 4 be any operation and s a state in -t. Then conc-infer(s,o) C

committed(s).

Lemma 28. Let s be a state of the IOC during a and T E committed(s). Then
Then COMMIT(T, t) occurs before s in a.

Lemma 29. Let 0 be any operation and s a state some time after an instance of 4
in y. Let ($' be the last instance of 0 before s and s' the state immediately after 0' in
-,. Then cmap(s')(0) = cmap(s)(0) and abort-map(s')(0) = abort-map(s)(0).

Lemma 30. Let 0 = ABORT(T) E a and s a state in -y some time after 0. Then
T c abort-map(s)(6).

Lemma 31. All sets of transactions in the IOC state increase monotonically.

Lemma 32. Let s' and s be states in -f. Then committed(st ) n aborted(s) = 0.

Lemma 33. Let 0 = COMMIT(T, v) E a, where T is a concurrent transaction, and s
a state some time after (> in -y. Then T E cmap(s)(0).

6.3.4 Simulation of LU Systems by 10 Systems

What we would now like to prove is that the IOC simulates the LUC in the strong
sense that every well-formed schedule of the IOC is a schedule of the LUC. The proof
here is much more subtle than the previous simulation proof (and therefore requires
many more lemmas).

To show that every well-formed schedule of the IOC is a schedule of the LUG we
will choose a state mapping relating states of the IOC to states of the LUG and show
that, given any well-formed execution of the IOC, we can apply the state mapping
to obtain an execution of the LUC.' The proof is inductive. For each step (s', 7r, s)
taken by the IOC in the execution, we will show that there is a step (t', 7r, t) of the
LUC such that s' is mapped to t' and s is mapped to t.

XVe map a state s of the IOC to a state t of the LUG as follows. Every component
of t except commit-map is equal to the corresponding component of s. For every
operation 0, we let commit-map(t)(0) be known-vis(s, 0). The motivation for the
choice of mapping derives from the definition of the IOC. The IOC precondition on
CREATEs of accesses requires known-vis to be a subset of informed-commit while the
LUG precondition on the operation requires commit-map to be a subset of informed-
commit. All state components of the IOC, except cmap, are used in the same manner
as in the LUC. Thus it will be easy, under this state mapping, to show that any
operation enabled in a state of the IOC is enabled in the corresponding state of the
LUC. The hard part is to show that the appropriate LUC postconditions involving
commit-map hold under the state mapping.

4 Methods for proving these types of simulations are presented in more detail in
[Lynch & Tuttle 1987].
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Our plan of attack is as follows. First we present the straightforward proof that
any operation that is enabled in a state of the IOC is enabled in the corresponding
state of the LUC. Then we attack the hard part, proving a lemma (Lemma 32)
that allows us to show that the LUC postconditions involving commit-map for each
individual operation are satisfied under the state mapping. Then we prove that the
two LUC postconditions on all operations involving commit-map for each individual
operation are satisfied under the state mapping. Finally, we pull the results together
in Theorem 57 to prove that the IOC strongly simulates the LUC.

The following lemma is used in the proof of the simulation theorem to show that
if an operation is enabled in a state of the IOC then it is enabled in a corresponding
state of the LUC.

Lemma 34. Let s be a state of the IOC, ir any operation enabled in state s, and t
a state of the LUC that satisfies the following state mapping:

VO. commit-map(t)(0) = known-vis(s, q), and
Every other component of t = the corresponding component of s.

Then 7r is enabled in state t.

Proof. By case analysis. We must show that the LUC preconditions are satisfied in
state t for each output operation. The only interesting case is when 7r = CREATE(T)

where T is an access to an object X and the interesting precondition is:

commit-map(t)(REQUEST-CREATE(T)) C informed-commit(t)(X), and
abort-map(t)(REQUEST-CREATE(T)) C informed-abort(t)(X)

From the IOC preconditions for 7r we know that:

known- vis(s, REQUEST-CREATE(T)) C informed-commit(s)(X), and
abort-map(s)(REQUEST-CREATE(T)) C informed-abort(s)(X)

From the state mapping, we know:
commit-map(t)(REQUEST-CREATE(T)) = known-vis(s, REQUEST-CREATE(T)),

and all other components of t are equal to the corresponding components of s. Using
the state mapping to substitute into the preconditions for the IOC, the result follows
directly.

For all other cases of output operations 7r, the result follows directly from the
definition of the IOC and the state mapping. 0

Now we move on to the more difficult part of the proof. Lemma 52 states a
monotonicity property for the inferences about commits represented by known-vis. It
says that we can make at least the same inferences for an operation 7r when it occurs
that we could make for an operation that directly-visible-affects 7r. Recall that the
1I'C passes around commit-maps according to the directly-visible-affects relation:
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in an LUC execution, whenever an earlier operation directly-visible-affects a later
oneration, the commit-map for the earlier operation is included in the commit-map
for the later operation. Lemma 52 shows that, in effect, the IOC "passes around"
the inferences represented by known-vis in the same manner. This is exactly what we
want since commit-map is mapped to known-vis by the state mapping, and we must
show that the LUC postconditions describing how commit-maps are passed around
hold when commit-maps are mapped to known-vis.

Recall that known-vis is defined to be the union of two cm t-closure operations
(page 106), one over conc-infer and one over seq-infer. It would be convenient, in
terms of the complexity of our proof, if we could prove monotonicity for each of these
crnt-closures individually and thus conclude that their union also increases monoton-
ically from operation to operation along a visible-affects chain. Unfortunately, it is
not the case that each part increases monotonically. The descendant inferences that
an earlier operation can make starting from its cmap may follow from a later opera-
tion's sequential inferences, and vice versa. The length and intricacy of the proof of
Lemma 52 is a result of the way in which the sources of inferences switch from one
operation to the next.

The proof of Lemma 52 consists in analyzing the sources of subsets of inferences
for earlier operations and proving that the same inferences can be made for later
operations by identifying their sources for the later operations. Thus we work with
cmt-closures over subsets of seq-infer and conc-infer. Lemma 50 is an important
technical lemma describing subset relationships between the kind of cmt-closures in
which we interested. The definitions and lemmas that we now introduce, up through
Lemma 48, will help to establish the fairly complicated hypotheses of Lemma 50.

A useful abstraction in the statement of Lemma 50 is that of a return pair. This
is a pair of sets of transactions where the first set of the pair contains aborted trans-
actions and the second set contains transactions that have returned (committed or
aborted). For a pair of sets to comprise a return pair, the abort set must contain
enough information to deduce which descendants of transactions in the return set
have committed up through their ancestors in the return set. We used the idea of
return pairs implicitly in our informal arguments of Section 3.5.2 when we argued
that aborted sets contain enough information to allow us to make descendant in-
ferences. In Section 4.5.1 the failure of particular combinations of committed and
aborted sets to comprise return pairs lead us to conclude that some combinations
resulted in incorrect protocols.

Definition 35. Let a be a well-formed IOC schedule, 0 E a, s a state of the IOC
during ar, and A and R sets of transactions. Then (A, R) is a return pair for 0 in s
if:

1. VT E (R - A).COMMIT(T, v) occurs before some instance of 0 in a, and

2. VT E R.VT' E desc(T).T' E aborted(s) =:# anc(T') n desc(T) n A # .
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Lemma 36. Let a be a well-formed IOC schedule, 0 E a, s a state of the IOC during
a, (A, R) a return pair for 0 in s and R' C R. Then (A, R') is a return pair for P in
S.

Proof: Easy from definitions. m

The next lemma formally states the useful property of return pairs. Given a
return pair (A, R), if a descendant of a transaction in R is ever aborted then it has an
ancestor in A that is also a descendant of the transaction. In other words, A contains
enough information to tell which descendants of transactions in R are aborted.'

Lemma 37. Let a be a well-formed IOC schedule, Iy an IOC execution such that
schedule(j) = a, 0 an operation in a, s' a state immediately preceding the last
instance of 0 in -1 or any time after that, (A, R) a return pair for 0 in s', s the state
immediately after -y, A' C aborted(s). Then

VT E desc(R). anc(T) n A' n desc(R) # 0 === anc(T) n A n desc(R) # 0.

Proof. See Appendix A. m

The descendant inferences that we make include cmt-closures over seq-infer and
conc-infer. In proving Lemma 52 we will need to apply Lemma 50 to show subset
relationships between cmt-closures over subsets of seq-infer and conc-infer. For an
operation 7r and state s we will need to establish that subsets of seq-infer(s, r) or
conc-infer(s,ir) combined with abort-map(s)(7r) comprise a return pair for 7r in s.
This will show that abort-maps contain enough information to reach valid inferences
starting either from the cmap or from sequential inferences.

As we mentioned, seq-infer(s, ir) captures the reasoning about which transactions
were sequentially before the transaction involved in 7r and therefore must have re-
turned when 7r occurs. Now we want to prove that the abort-map for 7r in a state s
and seq-infer(s, 7r) together comprise a return pair for r in s. This will tell us that
if any descendant of a non-aborted transaction T in seq-infer(s, 7r) is ever going to
have an aborted ancestor below T, then such an ancestor is in abort-map(s)(ir). We
start by stating some smaller lemmas (proved in Appendix A) and then prove this
property in Lemma 42.

The following lemma tells us that after a transaction T commits, each of its
aborted descendants has an ancestor below T in the abort-map for the COMMIT

operation.

Lemma 38. Let a be a well-formed IOC schedule, € = COMMIT(T, v,) E a, and .s a
state of the IOC during a anytime after €. Then

5The proof of this lemma makes use of Lemma 43, which is stated later.
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VT'E prop-desc(T).T' E aborted(s) z=

anc(T') n abort-map(s)(0) n prop-desc(T) # 0

Proof. See Appendix A. m

The next lemma says that if a transaction T is in the seq-infer set for an operation
p with To = T', then the return for T prefix-affects 46.

Lemma 39. Let a be a well-formed IOC schedule, s a state of the IOC during a, 4
any operation, and T E seq- infer(s, 0). Then a return operation for T prefix-affects
all instances of 0 in a.

Proof: See Appendix A. m

The following lemma says that if an operation is prefix-affected by some return
operation, then it knows about all aborts that the return operation knew about.
Lemma 40. Let a be an IOC schedule, I an IOC execution such that schedule(3,) =
a, 0, 6 in a such that 4, is a return operation that prefix-affects an instance of 0 in
a, s a state any time after the instance of 0 prefix-affected by ?P in -y, and s' the state
immediately after 4, in -y. Then abort-map(s')(4') _ abort-map(s)($).

Proof: See Appendix A. m

The next lemma is based upon the previous three. It says that if a transaction is in
the seq-infer set for some operation, then all of the transaction's aborted descendants
have an ancestor in the abort-map for the operation that is also a descendant of the
transaction.
Lemma 41. Let a be a well-formed IOC schedule, 0 any operation, s a state during
a, T E seq-infer(s,60). Then

VT' E desc(T).T' E aborted(s) ==* anc(T') n desc(T) n abort-map(s)(O) # 0.

Proof: See Appendix A. u

Now we can show that, for an operation 0 in state s, abort-map(s)(0) and
seq-infer(s, 0) comprise a return pair.
Lemma 42. Let a be a well-formed IOC schedule, s is a state of the IOC during a,
6 E a. Then (abort-map(s)(0), seq-infer(s,0)) is a return pair for 0 in s.

Proof: Note that the lemma is trivially true if s is a state before the first instance
of 0 in a. So assume s is a state any time after some instance of 0. We need to show
two things:
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1. VT E (seq-infer(s,O) - abort-map(s)(0)).COMMIT(T,v) occurs before some in-
stance of 0 in a, and

2. VT E seq-infer(s, 0).VT' E desc(T).
T' E aborted(s) ==* anc(T') nl dese(T) fl abort-map(s)(0) # .

Consider part 1. Let T be any transaction in seq-infer(s, ). By Lemma 39, a return
operation for T prefix-affects every instance of 0 in a. Call that operation 0. Consider
¢, = ABORT(T). Let y be an IOC execution containing s such that schedule(t) = a.
Let s' be the state immediately after 0 in -f. By Lemma 40, abort-map(s')(V)) C
abort-map(s)(0). Thus it is easy to see from the IOC postconditions on ABORT that
T E abort-map(s')(0), so T E abort-map(s)(0) also and there is nothing to show. If

= COMMIT(T, v), then obviously the claim holds.

The proof of part 2 follows directly from Lemma 41. 0

We can prove a similar lemma about conc-infer(s, r) and abort-map(s)(r) for an
operation 7r in state s, namely, that these two sets also comprise a return pair for 7r

in s. This tells us that if any descendant of a transaction T in conc- infer(s, T) has an
aborted ancestor below T, then such an ancestor appears in abort-map(s)(r). Again.
we first state a few smaller lemmas (proved in Appendix A) and then the result in

Lemma 45.
The following lemma says that when a transaction T commits, all of its descen-

dants that have been created either have committed up to T or have some aborted
ancestor below T.

Lemma 43. Let a be a well-formed IOC schedule, 0 = COMMIT(T, v) an operation
in a, and s' a state of the IOC immediately before 4. Then

VT'E prop-desc(T) nl create- requested(s').
either anc(T') nl prop-desc(T) fl aborted(s') # or

anc(T') nl prop-desc(T) C committed(s')

Proof: See Appendix A. 0

The next lemma is analogous to Lemma 41 and is based on the previous lemma.
It says that if a transaction T is in the conc-infer set for some operation, then all
of T's aborted descendants have an ancestor that is also a descendant of T in the
abort-map for the operation.

Lemma 44. Let a be a well-formed IOC schedule, 0 any operation, s a state during
a, T G conc-infer(s, 4). Then

VT' E desc(T).T' E aborted(s) = anc(T') nl desc(T) fl abort-map(s)(0) #4 0.

Proof See Appendix A. 0
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Now we can prove that abort-map(s)(r) and conc-infer(s, 7r) comprise a return
pair for 7r in s.

Lemma 45. Let a be a well-formed IOC schedule, s is a state of the IOC during a,
0 E a. Then (abort-map(s)(0), conc-infer(s, 0)) is a return pair for 0 in s.

Proof: Note that the lemma is trivially true if s is a state before the first instance
of 6 in a. So assume s is a state any time after some instance of 0. We need to show
two things:

1. VT E (conc-infer(s, 0) - abort-map(s)(0)).COMMIT(T, v) occurs before some in-
stance of 0 in a, and

2. VT E conc-infer(s, ¢).VT' E desc(T).
T' E aborted(s) ==:, ancT' n desc(T) fn abort-map(s)(€) 4 0

For part 1, consider any T E conc-infer(s,¢) - abort-map(s)(0). Let -y be an
IOC execution containing s such that schedule(-y) = a. Let 0' be the last in-
stance of 4 in -f before s, and let s' be the state immediately after 0' in f. By
Lemma 29, cmap(s')(0) = cmap(s)(0). Thus cone-infer(s, 0) = cone-infer(s', ) and
T E conc-infer(s',O). By Lemma 27, conc-infer(s', k) C committed(st). Thus, by
Lemma 28, COMMIT(T, v) occurs before s' and hence before qY.

Part 2 follows directly from Lemma 44. m

The following definitions are used in the statement of Lemma 50. They describe
relationships between sets of transactions.

Definition 46. Let S and T be either sets of transactions or individual transactions.
Then define

anc-between(S,T) = anc(S) n (desc(T) - desc(S)).

Definition 47. Let S and T be sets of transactions. We say that T dominates S if
VT E S. anc(T) nl T 0.

Lemma 48. If S C T then T dominates S.

Proof: Easy from definitions. 0

The next lemma states a general property of cmt-closure. It is used prove
Lemma 50.

Lemma 49. Let C1 , C2, A,, A2 , R 1 , R 2 be sets of transactions such that the following
conditions hold:

C 1. C, C C2, and
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C2. R 2 dominates R 1, and

C3. anc-between(R1 , R 2 ) n A2 = 0, and

C4. VT E desc(R,). anc(T) n A 2 fl desc(RI) j 0 ==> anc(T) n A, n desc(R,) #4 0
Then cmt-closure(C1 , A,, R 1 ) C cmt-closure(C2 , A 2, R2 ).

Proof: See Appendix A. n

Now we can state and prove the technical lemma about cmt-closures that will be
used repeatedly in the proof of Lemma 52. In all cases when we apply the lemma. S
will be a subset of either seq-infcr(s', 0) or conc-infer(s', 0), and 'T will be a subset of
either seq-infer(s, 7r) or conc-infer(s, 7r). We state the hypotheses in terms of return-
pairs, etc., for the sake of generality and to isolate the properties of the sets S and
T relied upon by the lemma.

Lemma 50. Let air be a well-formed IOC schedule, - = -y'7rs an IOC execution such
that schedule(-y) = a r, 0 an operation in a, s' the state at the end of Y', S and T
sets of transactions, and assume that the following conditions hold:

Cl. T dominates S, and

C2. anc-between(S, T) n abort-map(s)(ir) = 0, and

C3. (abort-map(s')(0),S) is a return pair for 0 in s'

Then
cmt-closure(created(s'), abort-map(s')(0), S) C

cmt- closure(created(s), abort-map(s)(.r), T)

Proof: The result follows from Lemma 49. The conditions for applying the lemma
are satisfied as follows:

Cl. created(s') C created(s) by Lemma 31, and

C2. T dominates S by this lemma's own CI, and

C3. anc-between(S, T) n abort-map(s)(7r) = 0 by this lemma's own C2, and

C4. Follows from Lemma 37, which applies by own C3, and IOC postcondition which
specifies abort-map(s )(7r) C aborted(s).

We state one more definition before finally arriving at Lemma .52. The definition
describes a property of a set of transactions.

Definition 51. A set of transactions T is mutually unrelated if VT E T. anc(T)nT
{T}. That is, T has no ancestor in T other than itself. Clearly, any subset of a
miutually unrelated set is itself mutually unrelated.
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lca(T,, TO)

U TT

Figure 6.1: Example of non-monotonicity in sources of inferences.

We will now prove Lemma 52, which states that if an operation 0 directly-visible-

affects an operation 7r then 7r can infer at least the same commits that 0 could. This
lemma is a key part of the proof that the IOC simulates the LUC. The proof of the

lemma consists of a lengthy case analysis. In the interests of readability, many of the

arguments for the cases have been extracted into lemmas. These lemmas are stated

and proved (where necessary) in Appendix A.

Lemma 52. Let ar be a well-formed IOC schedule, 0 an operation such that an

instance of 49 directly-visible-affects an instance of ir in ar, s' a state of the IOC
immediately after a, s a state of the IOC immediately after ar, (s', 7r, s) a step of

the IOC. Then known-vis(s', 46) C known-vis(s, 7r).

Proof: By case analysis. Let C1 = created(s'), C2 = created(s), A 1 =

abort-map(s')(0), and A 2 = abort-map(s)(7r). Expanding the definition of known-vis,
we want to show that for any 0, 7r such that 0 directly-visible-affects 7r in air:

cmt-closure(C1 , A1 , seq-infer(s', 0)) U cmt-closure(C1 , A,, conc-infer(s', 0))
C cmt-closure(C2 , A 2, seq-infer(s, 7r)) U cmt-closure(C2, A 2, conc-infer(s, r))

For some cases of operations ir and 0 the inferences that can be made starting
from seq-infer and cone-infer are each monotonic from state s' to state s and we can

prove this directly. In other cases, transactions that were in the cmt-closure starting
from seq-infer(s', .O) will be in the cmt-closure starting from conc-infer(s, ir) or those
that were in the cmt-closure starting from conc-infer(s',O) will be in cmt-closure
starting from seq-infer(s, 7r). These other cases require a detailed analysis to show
how transactions move between sequential inference sets and concurrent inference
sets.

For examples of how sources of inferences switch from seq-infer to cone-infer and

vice versa consider Figure 6.1, which depicts a possible transaction tree relating T,

and T . Assume 0 = REQUEST-COMMIT(T ,v') and ir = REQUEST-COMMIT(T,,v),
where 7'T, and To are accesses to an object X and To is locally visible to T, at X. In the
figitre. U is in conc-infer(s', 0) (and thus is in cmt-closure(C1 , A,, conc-infer(s', 0)))
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but not in conc-infer(s,r). However, Li', an ancestor of U, is in seq-infer(s,7r). Since
LI is committed up to lca(U, TO) and Tk is committed up to U', we know that U is in
crnt-closure(C2, A 2, seq-infer(s, r)). So the source of inferences switches from conc-
infer to seq-infer. If we change Figure 6.1 so that U is sequential with TO and U' is
concurrent with the ancestor of T that is a child of lca(T,, TO) then we have the oppo-
site situation. In that case U is in seq-infer(s', 0) but not in seq-infer(s, 7r). However,
U' will be in conc-infer(s, 7r) and thus if U is in cmt-closure(Cl, A,, seq-infer(s',€))
then U will be in cmt-closure(C2, A 2, conc-infer(s, 7r)).

Proceeding with the proof, let T" = lca(T6, T,). It is easy to see from the defini-
tions that we can split conc-infer (or seq-infer) into two parts around T", as follows:

conc-infer(s', 0) = cpa(T", conc-infer(s', 0)) U cd(T", conc-infer(s', 0)), and

seq-infer(s', 0) = ca(T", seq- infer(s', 0)) U cpd(T", seq-infer(s', 0)).

By Lemma 61, the cmt-closure over the LHS of each equation above is equal to the
union of the separate cmt-closures over each of the RHS sets. Thus we can consider
the cmt-closures over each of these subsets separately.

The proof proceeds as follows. For each case considered, we find pairs (Si, Ti) such
that:

cmt- closure(Cl, A,, S) C cmt-closure(C2, A2 , Ti)
and

Uj Si = seq-infer(s', 0) U conc-infer(s', 0), and
Uj Ti = seq-infer(s, 7r) U conc-infer(s, 7r)

The assignments to S and T are:

For 7r =REQUEST-COMMIT(T, v), T an access to X, 0 locally visible to r at X in a,
, # CREATE(T), or

7r = REQUEST-COMMIT(T, v), location(o) = T, : # CREATE(T), or
T = REQUEST-CREATE(T), location(O) = parent(T), 0 # CREATE(parent(T)).
If T and Tk are descendants of sequential siblngs or T = parent(TO), then

a. S = seq-infer(s', 0), T = seq-infer(s, 7r)

b. S = cpa(T", conc-infer(s', 0)), 7" cpa(T", conc-infer(s, 7r))

c. S = cd(T", conc-infer(s', 6)), 7 = c(T", seq-infer(s, 7r))

If T and Tj are descendants of concurrent siblings, then
a. S = conc-infer(s', 0), T = conc-infer(s, 7r)

b. S = ca(T",seq-infer(s', 0)), T = ca(T",seq-infer(s, r))

c. S = cpd(T", seq-infer(s', 0)), T = c(T", conc-infer(s, r))
For , = REQUEST-CREATE(T), = CREATE(T"), T" = parrnt(T), or

r = REQUEST-COMMIT(T, v), = CREATE(T), or
7r = CREATE(T). = REQUEST-CREATE(T), or
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7= COMMIT(T, v), 4) = REQUEST-COMMIT(T, v), or
7= ABORT(T), 4) = REQUEST-CREATE(T), or
7= INFORM-COMMIT-AT(X)OF(T), 4) = COMMIT(T, v), or

7r=INFOIRM-ABORT-AT(X)OF(T), 4) = ABORT(T).
a. S = seq-infer(s', 4)), 'T - seq- infer(s, r)
b. S = conc- infer(s', 0), T = conc- infer(s, 7r)

The proof in each case above will follow directly from Lemma 50. We must simply
establish that the conditions for applying the lemma hold. We will establish condition
C3 once at the beginning and then consider conditions Cl and C2 case by case.

C3 requires that (abort -map (s') (0),S) be a return pair for 4) in s. Note that in
all cases above, S and T are subsets of either seq- infer(s', 4)) or cone- infer(s', 4)). If
they are subsets of seq-infer(s', 4)) Lemmas 36 and 42 establish the condition. If they
are subsets of conc- infer(s', 0) Lemmas 36 and 45 establish it.

Now we will consider cases for ir to establish:

Cl: T dominates S, and

C2: anc- between (S, T) fl abort-map(s) (7r) = 0

For Cl1, we will prove that either S C T, or S = S, U S2 , S, g T, and S 2 is dominated
by I{T} for some T E T. The result then follows from Lemma 48 and the definition
of dominate. For C2, if S C T and hence anc-between(S, T) = 0, then clearly
anc- between(S, T) nl abort-map(s)(r) = 0. Otherwise, if S = S, U S2, then Lemma 69
allows us to consider each subset separately. For S 1, anc- between(S,,T) = 0, as
above. For S2 , which is dominated by IT), we must show that no transaction in
anc-between(S2, {T}) is in abort- map (s) (r).

1. 7r =REQUEST-COMMIT(T,v), T an access to X, 4) locally visible to ~r at
X in a, 4) CREATE(T), or
2. 7r=REQUEST-COMMIT(T, v), location(4)) = T, 4).74 CREATE(T), or
3. 7r= REQUEST-CREATE(T), location(q$) = parent(T), 4) # CREATE(parent(T))

If T and T6 are descendants of sequential siblings or T = parent(To~,):

a. S = seq- infer(s', 0), T = seq- infer(s, 7r)
Let U' be the ancestor of T4, that is a child of T".

Cl: By Lemma 80, S is a set of children of ancestors of Tj. So by Lemma 72,
S = ca(T", S) Ucd(U', 5). By Lemma 74, ca(T", 5) g ca(T", T), so certainly,
ca(T", 5) C T. Since T and Ts are descendants of sequential siblings and 4)
occurs before 7r, 11" is a prior sequential sibling of an ancestor of T and hence
is in T. So any T' E cd(U',S) has an ancestor in T. namely, PT.
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C2: By Lemma 65, T is mutually unrelated, so anc-between(ca(T",S),T) = 0
by Lemma 67. In case 1, anc-between(cd(U',S),{U'}) are all ancestors
of T, that are descendants of U', by Lemma 68 and these cannot be in
abort-map(s)(7r) by Lemmas 70 and 71. For cases 2 and 3, To = U' so
cd(U',S) contains only children of TO. If cd(U',S) is empty then it easy
to see from the definitions that anc-between(cd(U',S),T) = 0. Otherwise,
anc-between(cd(U', S), {U'}) = To and To cannot be in abort-map(s)(7r) by
Lemmas 75 and 71.

b. S = cpa(T", conc-infer(s', 0)), T = cpa(T", conc-infer(s, 7r))
Cl: By controller postconditions on 7r, conc-with(T, cpa(T, cmap(s')(¢))) C

cmap(s)(ir). So by Lemma 76, 8 C T.
C2: By Lemma 66, T is mutually unrelated, so by Lemma 67,

anc-between(S, T) = 0.
c. S = cd(T", conc-infer(s', 0)), T = c(T", seq-infer(s, 7r))

Let U' be the ancestor of To that is a child of T".
C1: Obviously from the definition, conc-infer(s', 0) is a set of children of proper

ancestors of To. So by Lemma 77,

S = c(T", conc-infer(s', 0)) U cd(U', conc-infer(s', 0)).

By Lemma 79, c(T", conc-infer(s', 0)) _ T. In cases 2 and 3, by Corollary 78,
S = c(T", conc-infer(s', 0)), so we can ignore cd(U', conc-infer(s', )). In
case 1, U' E seq-infer(s, 7r) since it is a prior sequential sibling of an ancestor
of T, so every transaction in cd(U', conc-infer(s', 0)) has an ancestor in T,
namely, U'.

C2: By Lemma 65, 7 is mutually unrelated. So by Lemma 67,
anc-between(c(T", conc-infer(s', 0)), T) = 0. For case 1, from the
definitions we can see that all transactions in cd(U', conc-infer(s',0))
are children of ancestors of Ts that are descendants of U'. So
anc-between(cd(U', conc-infer(s', 0)), { U'}) are all ancestors of TO below T"
by Lemma 68. They cannot be in abort-map(s)(r) by Lemmas 70 and 71.

If T and To are descendants of concurrent siblings (only possible in cases 1 and 3 for
7r):

a. S = conc-infer(s', ), T = conc-infer(s,7r)
Let U' be the ancestor of To that is a child of T". From the definitions, S is a
set of children of ancestors of Tj. So by Lemma 72,

S = ca(T", S) U cd(U', S).

Cl: By the IOC postconditions on 7r, conc- with(T, cpa(T, cmap(s')(0))) C
cmap(s)(7r). By Lemma 83, ca(T",S) C 'T. For case 3, S = ca(T".S)
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by Corollary 73 so we need not consider cd(U', S). For case 1, by Lemma 84,
U' E T. Thus every transaction in cd(U', S) has an ancestor in T, namely,
U'.

C2: T is mutually unrelated by Lemma 66, so anc-between(ca(T",S),T) = 0,
by Lemma 67. For case 1, anc-between(cd(Lj',S), {U'}) are all ancestors
of T, that are descendants of U' by Lemma 68 and hence cannot be in

abort-map(s)(7r) by Lemmas 70 and 71.

b. S = ca(T",stq-infer(s',$)), T = ca(T",seq-infer(sr))

Cl: By Lemma 74, S C T.

C2: By Lemma 65, T is mutually unrelated. So By Lemma 67,
anc-between(S, T) = 0.

c. S = cpd(T", seq-infer(s', 0)), T = c(T", conc-infer(s, 7r))

Let U' be the ancestor of To that is a child of T". By Lemma 80, seq-infer(s', 0) is
a set of children of ancestors of Tk, so by Lemma 81, S = cd(U', seq-infer(s', 0)).
For case 3, U' = Tk, so by Corollary 82, S = c(Tk, seq-infer(s', €)).

Cl: For case 1, by Lemma 84, U' E conc-infer(s,r) and so U' E T. For case 3,
if S is empty then trivially, T dominates S. Otherwise, by Lemma 75, 0 is
a COMMIT operation and by Lemma 85, Tk E T. Thus in both cases every
transaction in S has an ancestor in T, namely, U'.

C2: For case 1, by Lemma 80 and the definition of cpd, S contains children
of ancestors of T, that are descendants of U'. So anc-between(S, {U'})
are all ancestors of To below T" by Lemma 68 and hence cannot be in
abort-map(s)(r) by Lemmas 70 and 71. For case 3, if S is empty then it
is easy to see from the definition that anc-between(S, TO) = 0. Otherwise
anc-between(S, {T,}) = T6, and To cannot be in abort-map(s)(r) by Lem-
mas 75 and 71.

4. 7r = REQUEST-CREATE(T), 4 = CREATE(T"), T" = parent(T), or
5. r = REQUEST-COMMIT(T, v), € = CREATE(T), or
6. 7 = CREATE(T), 4 = REQUEST-CREATE(T), or

7. r = COMMIT(T, v), 4 REQUEST-COMMIT(T,v), or

8. = ABORT(T), 0 = REQUEST-CREATE(T), or
9. 7 = INFORM-COMMIT-AT(X)OF(T), € = COMMIT(T, v), or
10. 7r INFORM-ABORT-AT(X)OF(T), 4 - ABORT(T).

a. S = conc-infer(s', 0), 7T = conc-infer(s, 7r)

CI: For cases 4 and 5, conc-with(T, cpa(T, cmap(s')(0))) _ cmap(s)(r) by the
controller postconditions. For cases 6 through 10, b the controller post-
conditions. cmap(s')(4') C crmap(s)(r). In all cases, from the definition of
conc-infer, it is easy to see that S C 7 (the only case that is not trivial is 4,
which requires a simple inference from th e definition).
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C2: T is mutually unrelated by Lemma 66, so anc-between(S, T) 0 by
Lemma 67.

b. S = seq-infer(s', 0), T = seq-infer(s, r)

Cl: For the cases where To = T it is easy to see from the definition of seq-infer()
that S C T. In case 4, it is easy to see that any sibling of an ancestor of T"
is also a sibling of an ancestor of T, so S C T.

C2: T is mutually unrelated by Lemma 65, so anc-between(S, T) = 0 by
Lemma 67.

We need just a few more lemmas before we can prove the simulation theorem
for this section. The next lemma says, in effect, that an operation cannot "lose"
inferences. Once a transaction is in the sequential or concurrent inferences for an
operation, it will always be there. The lemma is used in the proof of the simulation
theorem to show that the first LUC postcondition on all operations holds under the
state mapping.

Lemma 53. Let a~r be a well-formed IOC schedule, s' a state of the IOC immediately
after a, s a state of the IOC immediately after a~r, 7r a single operation, and (s', 7r, s)
a step of the IOC. Then

V0. all-seq(s', €) _ all-seq(s, 0), and

VO. all-conc(s', ) all-conc(s, 0).

Proof: Note that if € a then the results are immediate. Otherwise, the re-
sults will follow from Lemma 50 once the conditions for applying the lemma are
established. Let 0 be an operation in a. Let C, = created(s'), C2 = created(s),
A, = abort-map(s')(0), A 2 = abort-map(s)(0).

First, expanding the definition of all-seq, we want to show

cmt- closure(Cl, A1 , seq- infer(s', 0)) C cmt-closure(C2, A 2 , seq- infer(s, 0)).

Condition C3 holds by Lemma 42. For CI, it is easy to see from the definition of
seq-infer that seq-infer(s', €) 9 seq-infer(s, ¢). C2 then follows from Lemma 67.

Second, expanding the definition of all-conc, we want to show

cmt-closure(C1 , A 1 , conc-infer(s', 0)) C cmt-closure(C2, A 2, conc-infer(s, i)).

Condition C3 holds by Lemma 45. For C1, it is easy to see that conc-infer(s', ¢) C
cone-infer(s, 0) since the coitroller postconditions specify that cmap(s')(0) C
cmap(s)(() if 0 = r and cmap(s')(0) = cmap(s)() otherwise. Again, C2 follows
from Lemma 67. a



124

The next lemma and the following two corollaries prove that the crnt-closures in
which we are interested actually contain only committed transactions. They use the
properties of return pairs discussed earlier. The corollaries are used in the proof of
the simulation theorem to show that the fourth LUC postcondition on all operations
holds under the state mapping.

Lemma 54. Let a be a well-formed IOC schedule, s a state of the IOC immediately
after a, o any operation in a, (A, R) a return pair for 0 in s, C C created(s). Then
cmt-closure(C, A, R) g committed(s).

Proof: First, note that if R = 0 then the result holds trivially. So assume R # 0.
Since (A, R) is a return pair, we know:

F1. VT E (R - A).COMMIT(T, v) occurs before some instance of 0 in a, and

F2. VT E R.,VT' E desc(T).T' E aborted(s) ==: anc(T') n desc(T) n A # 0
Expanding the definition of cmt-closure, we must show:

C n desc(R) n non-orphans(A, R) C committed(s).

Consider any T E C n desc(R) Il non-orphans(A, R). Let T' be an ancestor of T in
R. By definition of non-orphans anc(T) n desc(R) n A = 0. Thus T' € A. By F1, we
know that i, = COMMIT(T', v) occurs before some instance of k in a. Now, if T' = T
then, by Lemma 25, T E committed(s) and we are done. So assume T' # T. By the
contrapositive of F2, we know VT" E desc(T'). anc(T") n desc(T') n A = 0 = T" .
aborted(s). Thus no descendant of T' that is an ancestor of T is in abort, -;). Let
-f be an IOC execution containing s such that schedule(y) = a. Let s' be the state
just before 4' in y. By Lemma 43,

VT"E prop- desc( T') n create-requested(s').
either anc(T") n prop-desc(T') n aborted(s') # 0
or anc(T") n prop-desc(T') C committed(s')

In particular, this holds for T" = T. But if no descendant of T' that is an ancestor
of T is in aborted(s), then certainly no proper descendant of T' that is an ancestor
of T is in aborted(s') (by Lemma 31). Thus it must be that all proper descendants
of T' that are ancestors of T are in committed(s') and hence in committed(s) (by
Lemma 31). So, T E committed(s), as required. •

Corollary 55. Let a be a well-formed IOC schedule, s a state of the IOC immedi-
ately after a, 0 any operation. Then all-seq(s,o) C committed(s).

Proof If a then the result holds trivially. Otherwise the result follows directly
from Lemmas 54 and 42. a
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Corollary 56. Let a be a well-formed IOC schedule, s a state of the IOC immedi-
ately after a, 0 any operation. Then all-cone(s, 0) _ committed(s).

Proof: If 0 4 a then the result holds trivially. Otherwise the result follows directly
from Lemmas 54 and 45. M

Now we can prove the simulation theorem for this section, that every well-formed
schedule of the IOC is also a schedule of the LUC. Essentially, we show that the IOC
can be considered as a particular implementation of the LUC, where the commit-map
for an operation in a state of the LUC contains exactly those transactions that the
operation can infer to have committed in the corresponding state of the IOC.

Theorem 57. Every well-formed IOC schedule is an LUC schedule.

Proof: Let a be a well-formed IOC schedule and let s be a state of the IOC im-
mediately after a. Let t be a state of the LUC that satisfies the following state
mapping:

Vq. commit-map(t)(0) = known-vis(s, 4), and
every other component of t is equal to the corresponding component of s.

We want to show that a is a schedule of the LUC and that t is a state of the LUC
immediately after a.

The proof is by induction on the length of a. The basis, a of length 0, holds triv-
ially (it is easy to show that the initial state of the LUC satisfies the state mapping).
For the induction hypothesis, assume that the claim holds for a of length n - 1. We'll
show that the claim holds for a = a'7r, a well-formed IOC schedule of length n, where
7r is a single operation.

Let s' be a state of the IOC immediately after a' in which 7r is enabled. By the
induction hypothesis, a' is also a schedule of the LUC. So let t' be a state of the
LUC after a' that satisfies the state mapping (such a state exists by the induction
hypothesis). We must show that (t', 7r, t) is a step of the LUC. By Lemma 34, since
7r is enabled in the IOC in state s', ?r is enabled in the LUC in state t'. Now it just
remains to show that the postconditions for the LUC after 7r are satisfied in state t.

First, it should be easy to see that all postconditions involving state components
other that commit-map are satisfied in state t since they are satisfied in state s and
the components of state t are the same as the corresponding components of state s
under the state mapping.

The LUC postconditions on all operations involving commit-map require

V4. commit-map(t')(0) C commit-map(t)(0), and

V6. commit-map(t)(€) C committed(t).
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Thus, using the state mapping, we need to show

VO. known- vis(s', 0) C known-vis(s, 0), and

V0. known-vis(s, 0) C committed(s).

The first follows directly from Lenuna 53 and the second from Corollaries 55 and 56
and the definition of known-vis.

All cases of the postconditions on 7r involving commit-map will follow from
Lemma .52, since the postconditions of the LUC involving commit-map all are equiv-
alent to

Vo.an instance of 0 directly-visible-affects 7r in aor ==.
commit-map(t')(¢) C commit- map(t) (r),

which, using the state mapping, translates to

Vo.an instance of 0 directly-visible-affects 7r in air ==

known- vis(s', 0) C known-vis(s, 1r)

6.3.5 Correctness of 10 Systems

Two simple corollaries of our two simulation theorems are that the IOC simulates the
GKC, and that 10 Systems strongly simulate GK Systems.

Corollary 58. Every well-formed schedule of the IOC is a schedule of the GKC.

Proof: Immediate from Theorems 57 and 24. 0

Corollary 59. 10 Systems strongly simulate GK Systems in that every IO System
schedule is a GK System schedule.

Finally, we can prove that 10 Systems guarantee eager diffusion. The result follows
immediately from the preceding corollary and the results in Section 6.1.3.

Theorem 60. 10 Systems guarantee eager diffusion.

Proof. Immediate from Theorem 18. Corollary 59, and Theorem 19. *

6.4 Discussion of Inference Optimized Systems

To summarize, we defined Inference Optirmzed Systems to model the sequential and
descendant inferences used in the simplified version of our protocol presented in Chap-
ter 3. We then proved that Inference Optimized Systems simulate Global Knowledge
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Systems in the strong sense that every schedule of the former system is a schedule of
the latter. This allowed us to conclude that Inference Optimized Systems guarantee
eager diffusion, using the formal definition presented in Section 5.4.

Though the proof of correctness of 1O Systems is rather long, there are just a few
key ideas. One that deserves repetition is the notion of a return pair (Definition 35).
Return pairs describe the conditions under which the cmt-closure operation, which
represents descendant inference, is valid. We belive that this notion could be useful in
other proofs as well. As we acknowledged in Chapter 1, the idea of inferring commits
based upon the absence of aborts is not original in our protocol and seems to be an
interesting technique that could be applicable under other circumstances as well.

We would also like to reemphasize that 10 Systems do not completely model the
distribution of information lavolved in the actual protocol, though appropriate mod-
ifications of the definitions should not be difficult. There are two issues to be dealt
with. The first issue involves the granularity of commit and abort information that
is stored. In this sense 10 Systems are more "distributed" than our real systems be-
cause they treat each object and transaction as a separate entity. Commit and abort
information is accessible per object and transaction (by unioning the information
stored for all operations of a given object or transaction), rather than per collection
of objects and transactions, as is true in the real protocol where information is stored
for each guardian. The second issue involves the locality of the information used in
computations. In this sense, 10 Systems are less distributed than our real systems be-
cause they make use of a global set of created actions in the computation of inferences
defined by known-vis.

It seems clear that enlarging the storage granularity of commit and abort in-
formation will not invalidate the correctness of 10 Systems. The non-determinism
already present in the protocol allows extra information to be added to committed and
aborted sets. The postconditions on all operations ensure that only correct informa-
tion is added to these sets and that when commit information is added, enough abort
information is also added to maintain return pairs. Thus only minor changes should
be required to introduce the notion of a "guardian" as a collection of transactions
and objects.

In order to obtain a truly distributed model of the protocol we must also ensure
that the controller's state information may be partitioned among guardians such
that no guardian attempts to compute with non-local information. This is almost
possible with the current definitions, but there is one problem. Using the cuiren'
definition of known-vis, a guardian would need access to a global created set to
compute the inferences about commits that can be made for a local access transaction.
By introducing one additional assumption on generic objects, we can change the
dpfinition of known-vis to use only local information about created transactions. We
need to assume that the only transactions whose commits will matter at a .ite are the
ancestors of acccss transactions that ran at the site. (It is not difficult to be convinced
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of this for locking objects, at least). Under this assumption, the only creates that
must be considered in computing known-vis are those for local access transactions and
their ancestors; this information is available locally at the guardian that computes it.
Based on this we can define a modified 10 System that, under the assumption about
generic objects, uses the "local" definition of known-vis to guarantee that transactions
see the same thing that they see in 10 Systems. Thus we would be proving a weak
simulation of 10 Systems by the modified 10 systems.



Chapter 7

Conclusion

7.1 Summary

Existing nested action commit protocols have problems both in efficiency and seman-
tics. The efficiency of nested action completion in the different protocols varies widely;
some provide reasonable performance-though there is still room for improvement-
while others have proved to be completely impractical. Most of the protocols provide
relatively weak guarantees about when sites learn the outcomes of actions. In this the-
sis we have presented a design and correctness proof for a new nested action commit,
protocol, addressing issues of semantics and efficiency.

We introduced the notion of an eager diffusion semantics for action completion.
This semantics is contrasted with the lazy diffusion semantics supported by most
existing nested action commit protocols. In a system that uses locking for concurrency
control, eager diffusion guarantees that whenever an action knows that it ought to
be able to obtain a lock, perhaps because it has observed the abort of the action
that it knows last held the lock, then the site will be able to grant the lock based
on purely local information. An action's knowledge includes its state, the programs
of potentially all other actions in the system, and deductions that can be made from
this knowledge. A site's local information consists of the states of local locks and
explicit information recorded at the site about commits and aborts of actions. A site
does not interpret an action's state or program, hence the possibility of a discrepancy
between a site's information and an action's knowledge. In contrast to eager diffusion.
a system that supports lazy diffusion guarantees only that sites learn the outcomes
of actions eventually, with no time bound. In such a system, a site may require
communication with other sites in order to grant a lock request even if the requesting
action already knows that the lock should be available.

A simplistic design for a protocol to support eager diffusion could be very expen-
sive. By piggybacking information about commits and aborts on messages already
flowing around the system, and by devising a series of optimizations based on in-
ference mechanisms and efficient data structures, we developed a protocol that wc
believe may he practical. Our rigorous correctness proof formalizes the definition of
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eager diffusion and makes explicit the assumptions needed to ensure the correctness
of the inference mechanisms.

Sone of the optimizat ions we employ in out" protocol are generalizations of ad hoc
ic.t hods employed in exist ing nested action commit protocols. Not surprisingly, these

,,ptiuiizations can be applied in their more general form to improve the performance
of existing protocols. In particular. we examined how some of our optimizat ions could
he used in the Argus nested action commit protocol to reduce the r!,niber of lock
propagation query messages that must be generated when a lock is requested.

While our optimizations go a long way in limiting the amount of information
that must be propagated on messages to support eager diffusion, there are still some
problems. The greatest expense in our protocol involves the storage and garbage
collection of information about topactions. Haphazard elimination of some or all of
this information results in a protocol that cannot support eager diffusion. We have
described one possible garbage collection scheme for our protocol, but there are still
questions about whether it will be efficient enough to use in practice.

In applying our optimizations to improve the performance of existing protocols,
garbage collection does not pose a serious problem. In those cases we are interested
in producing protocols that still support only lazy diffusion but which propagate

commit and abort information faster than a protocol that is entirely driven by queries.
Work in implementation and performance analysis will help to reveal which additional
optimizations are worthwhile in such protocols. The evaluation also depends, to a
large extent, on the types of applications that run in the system and the kinds of
lock conflicts that arise. Further experience in building applications should help us
to understand the tradeoffs better.

7.2 Future Work

This thesis is far from an exhaustive study of commit protocols for nested actions.
There are a number of unresolved issues concerning the work we have presented, as

well as a number of other worthwhile avenues of pursuit in this area.
The primary question that remains in our work is whether the protocol will be

lseful in practice. This depends to a large extent upon whether our garbage collection
scheme will work, and, if not, whether more efficient schemes can be devised. Another
interesting question is whether ideas from our protocol will prove useful in improving
the efficiency of protocols that support a weaker semantics.

Additional work on the formal model and proof of our protocol is also warranted.

Since working through the version of the proof presented in this thesis, we have
identified points where additional modularization could simplify the statements and
proofs of the lemmas. In particular, the formal proof could be made to follow more
closely the breakdown that we used in our informal correctness arguments. Rather
than proving the correctness of both inferencing mechanisms together, as we did in
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proving that the Inference Optimized Controller simulates the Local Unoptimized
Controller in Chapter 6, we could prove the correctness of descendant inferences and
sequential inferences independently of one another. Thus, we would break the IOC
into two parts, proving that the first part simulates the LUC and that the second
part simulates the first. Additionally, we would like to prove correct a variant of the
IOC that uses only to local information about created actions for making inferences.
We discussed this in Section 6.4.

Other open questions in the formal part of our work involve proving the correctness
of the protocol in a system that models crashes, proving that the protocol combines
correctly with abort and crash orphan detection algorithms, and proving liveness
properties for the controllers.

We decided to limit our study to systems that use locking for concurrency control.
The question of how to handle commits and aborts of nested actions in systems that
do not use locking is still wide open. What do we do when there are no lock requests
to drive queries? Must such systems introduce significant delays at each level of the
action tree if they are to support an eager diffusion semantics? What exactly does
eager diffusion mean in these systems? Also, there are still open questions concerning
the meaning of eager diffusion with respect to user-defined atomic types.

We also limited our study to a particular model of nested actions where individual
actions are not distributed and the action management, communication, and recovery
functions are all integrated in one module (a guardian). In the Camelot and Clouds
systems, for example, these functions are more loosely coupled. The question of
what changes would be required to adapt the protocol for such systems remains
open. Additional questions arise in adapting the protocol for Camelot because action
identifiers in that system contain less information about the history of actions; we
rely upon the easy availability of history information in our inference mechanisms.



Appendix A

Postponed Lemmas and Proofs

This appendix contains the proofs and lemmas that were ommitted from Chapter 6
in the interests of readability.

A.1 Postponed Proofs

A.1.1 Return Pairs

Lemma 37. Let a be a well-formed IOC schedule, 'y an IOC execution such that
schedule(-") = a, € an operation in a, s' a state immediately preceding the last
instance of 0 in -y or any time after that, (A, R) a return pair for 0 in s', s the state
immediately after "y, A' C aborted(s). Then

VT E desc(R). anc(T) n A' n desc(R) 5 0 ==> anc(T) n A n desc(R) # 0.

Proof: Pick any U E R, T E desc(U). We must show:

anc(T) n A' n desc(U) # 0 ==* anc(T) n A n desc(U) # 0.

By definition of return pair, we know:

F1. VT E (R - A).COMMIT(T, v) occurs before some instance of 0 in a, and

F2. VT c R.VT' E desc(T).
T' E aborted(s') =-= anc(T') n desc(T) n A 0.

If U E A then the result is immediate. So assume U iZ A. By F1 then, 4 =

COMMIT(U, iv) occurs before some instance of 0 in a. Let U' be an ancestor of T that
is a descendant of U in A'. By Lemma 25, U is in committed(s). By Lemma 32 and
the fact that A' C aborted(s), U' must in fact be a proper descendant of U. Let s"
be the state just before 4' in -y. By Lemma 43,

VT'E prop- desc(U) n create-requested(s").
either anc(T') n prop-desc(U) n aborted(s") # 0
or anc(T') n prop-desc(U) C committed(s")

132
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By F2,

VT'E desc(U).T' E aborted(s') ==* anc(T') n desc(U) n A # 0

By Lemma 31, committed(s") C committed(s) and aborted(s") C aborted(s'). Thus,

VT'E prop- desc(U) n create-requested(s").
either anc(T') n desc(U) n A # 0
or anc(T') n prop-desc(U) C committed(s)

In particular, this holds for T. Now, the second alternative cannot be true because
U' cannot be in both committed(s) and aborted(s) by Lemma 32. So it must be that
anc(T) n desc(U) n A 3 0. Thus the result holds. n

A.1.2 Return Pairs for Sequential Inferences

Lemma 38. Let a be a well-formed IOC schedule, k = COMMIT(T, v) E a, and s a
state of the IOC during a anytime after €. Then

VT'E prop-desc(T).T' E aborted(s) ==
anc(T') n abort-map(s)(0) n prop-desc(T) 5 0

Proof: Let T' be any transaction in prop-desc(T). The proof is by induction on the
number of transactions between T' and T. Let -y be an IOC execution containing s
such that schedule(y) = a. Let a'o be a prefix of a, and let s' be the state immediately
after a'o in -y. The basis is that the number of transactions between T' and T is 0.
In this case, T' is a child of T. T' E aborted(s') implies that ABORT(T') occurs in a'
(since the COMMIT does not happen until all request-created children have returned).
By Lemma 30, T' E abort-map(s')(ABORT(T')). By the preconditions on COMMIT
requiring a REQUEST-COMMIT to have occurred, the postconditions on REQUEST-
COMMIT and COMMIT and Lemma 31, T' E abort-map(s)(0) and the claim is true.

For the induction hypothesis, assume the claim is true when the number of trans-
actions between T' and T is k - 1. We will show that the claim is true when the
number of transactions is k. Let T" be the ancestor of T' that is a child of T. A
return operation for T" must occur before 0 in a' by the controller preconditions
on COMMIT requiring a REQUEST-COMMIT to have occurred and the restrictions on
REQUEST-COMMITs of transactions. Let 0 be the return operation and let s" be the
state immediately after i/ in -y. If , = ABORT(T") then, by the postconditions on
ABORT, T" E abort-map(s")(ABORT(T")) and by the postconditions on REQUEST-
COMMIT and COMMIT T" E abort-map(s')(¢). Thus T" E abort-map(s)(0) also, by
Lemma 31, and we're done. If V) = COMMIT(T", v') then there are k - I transactions
between T" and T' and by the induction hypothesis, anc(T') n abort-map(s")('4) n
prop-desc(T") : 0. By the IOC postconditions on REQUEST-COMMIT and COMMIT
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and Lemma 31 abort-map(s")(4') C abort-map(s')(¢) C abort-map(s)(€), so the
claim holds. m

Lemma 39. Let a be a well-formed IOC schedule, s a state of the IOC during a, ¢
any operation, and T E seq-infer(s,0). Then a return operation for T prefix-affects
all instances of 0 in a.

Proof: First, note that if € a or s is not a state during a sometime after the
first instance of ¢ then there is nothing to prove since seq-infer(s, 0) = 0. So as-
sume s is a state of the IOC anytime after the first instance of 0. Consider any
T E seq-infer(s,o). T E created(s) by definition. We will examine the possi-
bilities for 0. If 0 = REQUEST-COMMIT(T',v), where T' = parent(T), then o is
directly-prefix-affected by a return operation for T since a REQUEST-COMMIT cannot
occur until all request-created children have returned (by the restriction on transac-
tions). If 0 = COMMIT(T',v) or 0 = INFORM-COMMIT-AT(X)OF(T') then by tran-
sitivity all instances of 0 are prefix-affected by the return for T. This is because
REQUEST-COMMIT(T', u) directly-prefix-affects COMMIT(T', v) which directly-prefix-
affects INFORM-COMMIT-AT(X)OF(T') (and in a well-formed schedule, the REQUEST-
COMMIT must precede the COMMIT which must precede all instances of the INFORM-

COMMIT).

If T¢ is a descendant of a later sequential sibling of T then let T' be the ancestor
of T, that is a sibling of T. The REQUEST-CREATE for T' must follow the return for T
by definition of "later sequential sibling". Thus the return for T directly-prefix-affects
REQUEST-CREATE(T') in a. It is easy to see from the definition of the prefix-affects
relation that a REQUEST-CREATE of a transaction prefix-affects the operations of its
descendants, so by transitivity, the return for T prefix-affects all instances of 0 in a.

N

Lemma 40. Let a be an IOC schedule, -y an IOC execution such that schedule(I) =

a, l', 0 in o such that V, is a return operation that prefix-affects an instance of 0 in
a. s a state any time after the instance of k prefix-affected by V) in y, and s' the state
immediately after ' in y. Then abort-map(s')(V),) C abort-map(s)(€).

Proof: By induction on the length of a prefix-affects chain between V, and q. Let
.," be the state immediately after an instance of 0 prefix-affected by , in y. In the
basis, 0, directly-prefix-affects 0 in a. Then it is easy to see from the IOC postcondi-
tions on each operation that abort-map(s')( ,) C abort-map(s") (). By Lemma 31.
abort-map(s")(¢) C abort-map(s)(0) and the result follows by transitivity.

For the induction hypothesis assume that the claim is true for any prefix-affects
chain of length < n - 1. We will show that it is true for any prefix-affects chain of
length n. Fix some prefix-affects chain between i, and 0 of length n. By a property
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of transitive closure, if , does not directly-prefix-affect 0 in a then there exists a
r on the prefix-affects chain between 0/ and € such that 7r directly-prefix-affects Q
in a and 0 prefix-affects 7r in a. It is easy to see that there exists a prefix-affects
chain between ?p and 7r of length n - 1 (namely the one between 0, and 4 with P
omitted). So by the induction hypothesis abort-map(s')(0) C abort-map(s")(7r).
where s" is the state immediately after 7r in -y. Also by the induction hypothe-
sis, abort-map(s")(7r) 9 abort-map(s)(€) since 7r directly-prefix-affects ¢ in a. By
transitivity then abort-map(s')(VJ) 9 abort-map(s)(). a

Lemma 41. Let a be a well-formed IOC schedule, 4 any operation, s a state during
a, T E seq-infer(s, €). Then

VT' E desc(T).T' E aborted(s) ==* anc(T') fn desc(T) n abort-map(s)(0) $ 0

Proof: Let -y be an IOC execution containing s such that schedule(-y) = a. By
Lemma 39, a return operation for T prefix-affects all instances of 4 in a. Call
this operation V; and let s' be the state immediately after p in -Y. We know that
state s must occur sometime after the first instance of 4 since seq-infer(s,4) #
0. So by Lemma 40, abort-map(s')(tp) 9 abort-map(s)(€). Now there are two
cases. First consider zk = ABORT(T). By controller postconditions on ABORT,

T E abort-map(s')(0) so T E abort-map(s)(€) and the claim holds. Now con-
sider 0 = COMMIT(T, v). By Lemma 38, VT' E prop-desc(T).T' E aborted(s) ===
anc(T') n prop-desc(T) n abort-map(s)(0) 5# 0. Since V) may only occur once in a,
abort-map(s)(,,) = abort-map(s')(0) C abort-map(s)(0). Also, T 1z aborted(s) by
the precondition on COMMIT and Lemmas 31 and 32. Thus the claim holds. m

A.1.3 Return Pairs for Cmap Inferences

Lemma 43. Let a be a well-formed IOC schedule, 4 = COMMIT(T, v) and operation
in a, and s' a state of the IOC immediately before 4. Then

VT'CE prop-desc(T) n create-requested(s').

either anc(T') n prop-desc(T) n aborted(s') - 0, or
anc(T') n prop-desc(T) C committed(s') .

Proof: Let T' E prop-desc(T) nl create-requested(s'). The proof is by induction on
the number of transactions between T' and T. The basis is when the number of
transactions is 0. In this case, T' is a child of T. Since 4 cannot occur until all its
request-created children have returned, a return for T' must occur before 0. So eithei
T' E aborted(s') or T' E committed(s t ) by the controller postconditions on COMMIT
and ABORT and Lemma 31.

For the induction hypothesis, assume that the claim holds when there are k - I
transactions between T' and T. We'll show that it is true when the number of
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transactions is k. Let T" = parent(T'). There are at most k - 1 transactions between

T" and T so by the induction hypothesis either anc(T")r prop-desc(T)fnaborted(s') 4
0 or anc(T") n prop-desc(T) C committed(s'). If the first case is true, then also

anc(T') n prop-desc(T) fl aborted(s') J 0 and we are done. If the second case is true
then, in particular, T" e committed(s'), so COMMIT(T", v') must occur before 0 in a
by Lemma 28. Let -y be an IOC execution containing s' such that schedule(3Y) = a.
Let s" be the state immediately before COMMIT(T", v) in -Y. There are at most k- I
transactions between T" and T', so by the induction hypothesis, either anc(T') n

prop-desc(T") n aborted(s") # 0 or anc(T') n prop-desc(T") _ committed(s"). If the
former is true then the result follows from Lemma 31. If the latter is true then it,
combined with the fact that anc(T") prop-desc(T) C committed(s') and Lemma 31.
gives the result. M

Lemma 44. Let a be a well-formed IOC schedule, 4 any operation, s a state during
a, T E conc-infer(s, ( ). Then

VT' E desc(T).T' E aborted(s) ==* anc(T') n desc(T) n abort-map(s)(4) # 0

Proof: Let "y be an IOC execution containing s such that schedule(y) = a. Note
that 0 must occur in a and s must be a state sometime after the first instance of
o in a for T to exist. Let 7r be the last instance of 0 in -y before s. Let s' be
the state immediately after 7r. Since the cmap for 4 only changes when 0 occurs,
T e conc-infer(s', 4$) also. Let T' be a descendant of T in aborted(s). In fact, T'
must be a proper descendant of T by Lemmas 27 and 32. Further, a COMMIT(T, v)

must occur before s' in -y by Lemmas 27 and 28. Let s" be the state immediately
after COMMIT(T,v) in -/. By Lemmas 43, 32, and 31, T' has an ancestor T" below
T in aborted(s"). By Lemma 31, T" E aborted(s'). By the fifth IOC postcondition
on all operations, T" itself has an ancestor below T in abort-map(s')(0). Thus, by
Lemma 31. T' has an ancestor below T in abort-map(s)(8). m

A.1.4 Commit Closures

Lemma 49. Let C1, C2, A,, A,2, R 1 , R 2 be sets of transactions such that the fol-

lowing conditions hold:

C1. CI g C2, and

('2. R2 dominates RI. and

(3. anc-brtwren( R1, R2) n A2 = 0, and

(A. VT E drsc( JR). anc(T) n A 2 f desc(RI) # 0 anc(T) n A1 dec(Ri) / 0.

"lin cmt -closuirc((C.A. RI? ) C cmrt-closurr(C2, A 2, R 2 ).
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Proof: By Lemma 64 and C4,

cmt-closure(Cj, A,, R 1 ) C cmt-closure(Ci, A 2, R 1 ).

By Lemma 62, C2, and C3,

cmt-closure(C1 , A 2, R 1 ) C cmt-closure(Cl, A 2 , R 2).

By Lemma 63 and Cl,

cmt-closure(Ci, A 2, R 2) C cmt-closure(C2, A 2, R 2 ).

Thus the result holds by transitivity of C. *

A.2 Postponed Lemmas

A.2.1 Lemmas About Commit-Closures

Lemma 61. Let C, A, R 1, R 2 be sets of transactions. Then

cmt-closure(C, A, R 1 ) U cmt-closure(C, A, R 2) = cmt-closure(C, A, (R1 U R 2)).

Proof: Easy from definitions. m

Lemma 62. Let C, A, R 1, R 2 be sets of transactions such that R 2 dominates R 1 and
anc-between(RI, R 2 ) fl A = 0. Then cmt-closure(C, A, RI) g cmt-closure(C, A, R 2).

Proof. Expanding the definition of cmt-closure, we want to show

C n desc(RI) f non-orphans(A, R1 ) 9 C n desc(R 2) n non-orphans(A, R 2).

Consider any T E C fn desc(RI). Since R2 dominates R1, T E C fn desc(R 2 ) also.
T E non-orphans(A,RI) means anc(T) n desc(Ri) nl A = 0. What we need to show
is that anc(T) fl desc(R 2 ) n A = 0. It is not hard to see that

anc(T) n desc(R 2) = (anc(T) n desc(Ri)) U (anc(T) nl anc-between(Rl, R 2 )).

Thus, by the condition of the lemma, anc(T) n desc(R 2) nl A = 0, as required. 0

Lemma 63. Let C1, C2 , A, R be sets of transactions such that C, g C2. Then
cmt-closure(Cl, A, R) C cmt-closure(C2, A, R).

Proof: Easy from definitions. M
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Lemma 64. Let C, A 1, A 2, R be sets of transactions such that: VT E
dtsc(R). anc(T) n A2 n desc(R) # 0 # anc(T) n A1 n desc(R) $ 0. Then
cint-closure(C, A,, R) C cint-closure(C, A 2, R).

Proof: Expanding the definition of cmt-closure, we want to show:

C n desc(R) n non-orphans(A1 , R) C C n desc(R) n non-orphans(A2, R).

Consider any T E C n desc(R). T E non-orphans(Al, R) means anc(T) n desc(R) n
A1 = 0. By the contrapositive of the condition of the lemma then, we get anc(T) n
,-, n desc(R) = 0. Thus T E non-orphans(A2, R) as required. n

A.2.2 Miscellaneous Lemmas

Lemma 65. Let a be an IOC schedule, 0 any operation, s a state of the IOC during
a. Then seq-infer(s, 0) is a mutually unrelated set.

Proof. Easy from definitions. m

Lemma 66. Let a be an IOC schedule, 0 any operation, s a state of the IOC during
o. Then conc-infer(s, 0) is a mutually unrelated set.

Proof: Easy from definitions. m

Lemma 67. Let S and T be sets of transactions, where T is mutually unrelated and
S C T. Then anc-between(S, T) = 0.

Proof: Easy from definitions. m

Lemma 68. Lct T, T' be transactions such that T' is an ancestor of T, and S a set
of transactions containing children of those ancestors of T that are descendants of
T'. Then any transaction in anc-between(S, {T'}) is an ancestor of T that is also a
descendant of T'.

Proof. Easy from definitions. E

Lemma 69. Let S and T be sets of transactions where S is a mutually unrelated
set, and S = S U S 2. Then

anc-between(S, T) = anc-between(SI, T) U anc-between(S2 , T).

Proof: Note that when S is mutually unrelated, anc-between(S, T) = prop-anc(S) n
desc(T). The rest is easy from the definitions. 0
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Lemma 70. Let a be an IOC schedule, ir a REQUEST-COMMIT operation in a for an
access to object X, 0 an operation at X in a such that an instance of 0 occurs before
7r and Tp is locally visible to T, at X in the prefix of a ending at 7r, and s a state
sometime after 7r during a. Then all ancestors of To that are proper descendants of
lca(To, T,) are in committed(s).

Proof, By definition, Tj locally visible to T, at X in the prefix of a ending in 7r means
that INFORM-COMMIT operations have occurred at X before 7r for each ancestor of TO
that is a proper descendant of lca(TO, T,). Obviously then, by the preconditions on
INFORM-COMMIT which require a COMMIT to have occurred, and Lemma 25, these
transactions must be in the committed set by the time 7r occurs in a. *

Lemma 71. Let a be an IOC schedule, s a state of the JOC during a, and 0 any
operation. Then abort-map(s)(€) n committed(s) = 0.

Proof: If s does not follow some instance of € then the result is immediately obvi-
ous. Otherwise, let -/ be an IOC execution containing s such that schedule(3y) = a.
Let s' be the state in -f immediately after the last instance of 0 that precedes s.
By Lemma 29, abort-map(s')(¢) = abort-map(s)(0). By the fourth IOC postcondi-
tion on all operations, abort-map(s')(0) _ aborted(s'). Then the result follows by
Lemma 32. n

Lemma 72. Let T be any transaction, T" a proper ancestor of T, T' the child
of T" that is an ancestor of T, and S a set of children of ancestors of T. Then
S = ca(T", S) U cd(T', S).

Proof: Easy from definitions. N

Corollary 73. Let T be any transaction, T" the parent of T, and S a set of children
of proper ancestors of T. Then S = ca(T", S).

Proof: Easy from definitions. •

Lemma 74. Let air be an IOC schedule, -/ an IOC execution such that schedule() =
a7r, 6 an operation in a such that an instance of 0 occurs before an instance of it in
o7r, .s' the state immediately after a in -y, s the state immediately after air in -y. Let
T" = lca(To, T,). Then ca(T", seq- infer(s', 0)) g ca(T", seq- infer(s, 7r)).

Proof: Easy from definitions. 0

Lemma 75. Let a be an IOC schedule, € some operation, s a state of the IOC during
a. If seq-infer(s, 0) contains children of To and location(O) = parent(To), then
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1. is a COMMIT operation, and

2. To E committed(s).

Proof: Looking at the definition of seq-infer(s, 0), it will only contain descen-
dants of Tp if 6 is one of REQUEST-COMMIT, COMMIT, or INFORM-COMMIT. Since
location(p) = parent(TO), 0 must be a COMMIT. If seq-infer(s,o) is non-empty,
s must be a state sometime after € in a. Thus, by Lemma 25, To must be in
committed(s). m

Lemma 76. Let a be an IOC schedule. -Y an IOC execution such that schedule(-) =

0, 6, 7r operations, s', s states in -y, T"= lca(T,, T,). Then,
co nc- with (T,, cpa (T, ,cmap (s') (0))) 9 cmap (s) (r)== -

cpa(T", conc-infer(s', 0)) g cpa(T", conc-infer(s, 7r))

Proof: The proof is by straightforward manipulation of the definitions. We need to
show

cpa (T", conc- with (TO, cpa( Tj, cmap(s')(€

C cpa(T", conc-with(T,, cpa(T, ,cmap(s)(7r))))

First we notice that cpa and conc-with commute to give

cpa(T", cpa(T,, conc-with(T, cmap(s)())))

This reduces to

cpa (T", conc- with (TO, cmap(s')(¢)

Then this is equivalent to

cpa(T", conc-with(T", cmap(s')(0))) C cpa(T", conc-with(T", cmap(s)(7r)))

From the condition of the lemma we can get

cpa(T", conc-with(T", cmap(s')(0))) g: cmap(s)(r).

This implies the desired result. E

Lemma 77. Let T be any transaction, T" a proper ancestor of T, T' the child of
T" that is an ancestor of T, S a set of children of proper ancestors of T. Then
cd(T",S) = c(T",S) U cd(T',S).

Proof: Easy from definitions. E

Corollary 78. Let T be any transaction, T" the parent of T, and S a set of children
of proper ancestors of T. Then cd(T", S) = c(T", S).

L a i
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Proof: Easy from definitions. 0

Lemma 79. Let air be an IOC schedule, -y an IOC execution such that schedule(y) -
a7r, 0 an operation in a such that an instance of 0 occurs before an instance of
ir and To and T,, are descendants of sequential siblings, s' the state immediately
after a in -f, s the state immediately after cir in y, and T" = lca(TO,,T,). Then
c( T", conc- infer( s', 0 )) g_ c( T", seq- infer( s, 7r )).

Proof: Let U and U' be the ancestors of Tj and T,, respectively, that are children
of T". All transactions in c(T", conc-infer(s', 0)) are concurrent siblings of U. Since
U is a prior sequential sibling of U', these must all be prior sequential siblings of
U' also. Since seq-infer(s, 7r) contains all created prior sequential siblings of U', the
result follows immediately. *

Lemma 80. For any operation ir and IOC state s, seq-infer(s, 7r) is a set of children
of ancestors of T.

Proof: Easy from definition of seq-infer. U

Lemma 81. Let T be any transaction, T" a proper ancestor of T, T' the child of T"
that is an ancestor of T, S a set of children of ancestors of T. Then cpd(T", S) =

cd(T', 3).

Proof: Easy from definitions. •

Corollary 82. Let T be any transaction, T" the parent of T, and S a set of children
of ancestors of T. Then cpd(T",S) = c(T,S).

Proof: Easy from definitions. •

Lemma 83. Let a be an IOC schedule, -y an IOC execution such that schedule("Y) =

a, 0, 7r operations in a such that To and T, are descendants of concurrent siblings,
s' and s states in y, T" = lca(TO,T). If conc-with(T,,cpa(T,,cmap(s')(¢))) g
cmap(s)(7r) then ca(T", conc-infer(s, 0)) g conc-infer(s, 7r).

Proof: The proof is by straightforward manipulation of the definitions. We want to
show

ca(T",conc-with(TO, cpa(TO, cmap(s')(0))))
C conc- with(T,, cpa(T,., cmap(s) (ir)))

Now we can decompose the left-hand side into
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cpa (T",conc- with( T, cpa(To, cmap(s')(0))))
U c(T", conc-with(Tj, cpa(T , ,cmap(s')(0))))

This reduces to

cpa(T", conc-with(T", cmap(s')(0))) U c(T", conc-with(To, cmap(s')(0)))

The first set is a subset of conc-infer(s,r) by Lemma 76. Since To and T, are
concurrent, the second set is a subset of

c(r". conc-with(T, cmap(s')(0))) ,

which by the condition of the lemma, is a subset of cmap(s)(ir). The result follows

straightforwardly from there. *

Lemma 84. Let anr be an IOC schedule, 0 an operation in a, where 7r and 0 are
operations at some object X such that an instance of 0 occurs before an instance
of 7r and T and T, are descendants of concurrent siblings, s a state of the IOC
immediately after air, T locally visible to T, at X in the prefix of a ending with the
last instance of 7r, 7r an output operation, and T the ancestor of T , that is a child of
lca(T ,, T,). Then T E conc-infer(s, r).

Proof. Let -y be an IOC execution containing s such that schedule(-y) = ar'. To lo-
cally visible to T,. at X in the prefix of a ending with the last instance of 7r means that
for every ancestor T' of To below lca(To , T,), k = INFORM-COMMIT-AT(X)OF(T') has
occurred at X before some instance of 7r. In particular, this is true for T. Let s' be the
state just before the last instance of 7r in y. By Lemma 33, T E cmap(s')(b). Sin&e7r
is an output operation at X it must be REQUEST-COMMIT. By the controller postcon-
ditions for ir, conc-with(T,, cpa(T,,cmap(s')(;b))) 9 cmap(s)(ir). So T E cmap(s)(ir).
Then it is easy to see from the definition of conc-infer that T E conc-infer(s, 7r). a

Lemma 85. Let a be an IOC schedule, 0 a COMMIT operation and 7r a REQUEST-
CREATE operation such that location() = location(ir) = T, € occurs before 7r and
TO and T, are concurrent siblings, and s a state of the IOC sometime after 7r. Then
T, E c(T, conc-infer(s, 7r)).

Proof- Let -y be an IOC execution containing s such that schedule(',) = a. Let s' be
the state just before 7r in -y. By Lemma 33, To, E cmap(s')(). By the postconditions
on 7r, conc-with(T,,,cpa(T,,cmap(s)(0))) _ cmap(s)(7r). So To E cmap(s)(7r). Then
it is easy to see from the definition of conc-infer that T E c(T, conc-infer(s, 7r)). U



Appendix B

Modelling the Abort Set Optimization

In this appendix we define Aborts Optimized Systems to model the optimization
from Chapter 4 that allows transactions to be replaced by their ancestors in aborts
sets. Aborts Optimized Systems are composed of transactions, generic objects (that
satisfy a particular condition) and the Aborts Optimized Controller, which we define
in Section B.1. As a result of this exercise, we conclude that Aborts Optimized
Systems weakly simulate Inference Optimized Systems, in that schedules of an AO
System look the same as schedules of the corresponding 10 System to non-access
transactions. This weak simulation result is not quite sufficient to prove that Aborts
Optimized Systems guarantee eager diffusion. In the last section we discuss this
further.

B.1 Aborts Optimized Controller

Notation: In the postconditions below S -< T means S is dominated by T.
All states of the Aborts Optimized Controller (AOC) are the same as those of the

IOC, except that abort-map is called amap to emphasize that it contains possibly
different information than the IOC's abort-map.

As usual, the initial state is denoted by so, and all sets are initially empty in so
except for create-requested, which is {To}. The functions cmap(so) and amap(so)
map each operation to the empty set. As usual, define returned(s) = committed(s) U
aborted(s).

In the transition relations for the operations of the AOC defined below, every
operation 7r contains the following additional postconditions:

1. cmap(s')(7r) 9 cmap(s)(7r)
2. cmap(s)(r) C committed(s)
3. amap(s')(r) 5 amap(s)(7r)
4. amap(s)(7r) _ aborted(s)
5. VT Ecmap(s)(7r).VT'E aborted(s) fl prop-desc(T). anc(T') fl amap(s)(ir) # 0
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All other state components remain the same from s' to s unless explicitly men-
tioned in the postconditions below.

* 7r = REQUEST-CREATE(T)

Post: create- requested (s) = create- requested (s') U { T}
VO.Iocation(o) = pare nt(T) == -

conc-with(T, cpa(T, cmap(s')(0))) 9 cmap(s)(7r) and

" 7r = REQUEST-COMMIT(T, v)

Post: commi t- requested (s) = commit- requested (s') U { (T, v)}
Vq.location(q5) = location(7r) ==>-

conc- with (T, cpa(T, cmap(s') (0))) 9 cmap(s) (7r) and
amap(s')(0) : amap(s)(7r)

* 7r = CREATE(T)

Pre: T E create- requested (s') - created(s')
if T is an access to X then

known- vis (s', REQUEST-CREATE(T)) 9 informed- commit (s') (X) -and
amap(s')(REQUEST-CREATE(T)) C i nformed- abort (s') (X)

Post: created(s) = created(s') U {T}
cmap(s')(REQUEST-CREATE(T)) cmap(s)(7r)
amap(s')(REQUEST-CREATE(T)) amap(s)(7r)

" 7r = COMMIT(T, v)

Pre: (T, v) E commit-requested(s t )
T ' returned(s')

Post: committed(s) = comnmitted(s t ) U {T}
cmap(s')(REQUEST-COMMIT(T, v)) Ccmap(s)(tr)
amap(s')(REQUEST-COMMIT(T, v)) -<amap(s)(7r)

if concurrent(T) then T E cmap(s)(7r)

" 7r = ABORT(T)

Pre: T E create- requested (s') - returned(st )
Post: aborted(s) = aborted(s') U I{T}

cmap(s')(REQUEST-CREATE(T)) g cmap(s)(wr)
amap(s')(REQUEST-CREATE(T)) u {T} :: amap(s)(nr)
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* i" = INFORM-COMMIT-AT(X)OF(T)

Pre: T E committed(s')
Post: Vv.(T,v) E commit-requested(s')

cmap(s')(COMMIT(T,v)) _ cmap(s)(ir) and
amap(s')(COMMIT(T, v)) _ amap(s)(r)

informed-commit(s)(X) = informed-commit(s')(X) U {T}

S7r = INFORM-ABORT-AT(X)OF(T)

Pre: T E aborted(s')
Post: cmap(s')(ABORT(T)) C cmap(s)(ir)

amap(s')(ABORT(T)) _ amap(s)(ir)
informed-abort(s) (X) = informed-abort (s') (X) U { T}

This controller differs from the IOC in that when 0 prefix-affects 7r we now require
only that for every transaction in O's amap, 7r's amap contain an ancestor of the
transaction. The fifth postcondition on all operations also changes so that we now
require that there be some ancestor in the amap for every aborted descendant of a
transaction in the corresponding cmap. The IOC had the additional requirement that
this ancestor be a proper descendant of the transaction in the cmap.

B.2 Generic Object Assumption

In order to prove that Inference Optimized Systems look the same as Aborts Opti-
mized Systems to non-access transactions (i.e., the weak simulation result) we need
to impose a restriction on generic objects (in addition to Assumption 16, which we
also assume here). The reason that AO Systems do not strongly simulate IC Systems
is that, upon creating an access, the AOC does not have as much local information as
the IOC has. The generic object assumption says, in effect, that we still have enough
information. When we replace transactions by their ancestors in the amap we lose
the information that those particular transactions aborted. What we still know is
that the effects of those transactions must be undone, since their ancestors' aborts
will prevent them from ever committing to the top in any case.

The generic object assumption requires that, if an object is informed of the abort of
a transaction and later is informed of the abort of one of the transaction's descendants.
then the later INFORM-ABORT has no affect on the behavior of the object. The
notion of equieffectiveness of schedules [Fekete et al. 1988] is used to formalize the
requirement.

Definition 86. Let a and , be schedules of some automaton A, and 7 a sequence
of operations of A such that a-y and fl-y are well-formed. Then a is equieffective to
/3, written a /3, if a-y a schedule of A 0= -y a schedule of A.
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Lemma 87. Let a, /3, and -y be sequences of operations of some automaton A, where
a /3 and /3 y. If V 6.(a6 well-formed and - 6 well-formed) =* /36 well-formed
then a y.

Proof: Easy from definition of equieffectiveness. m

Assumption 88. Let a be a well-formed schedule of a generic object X,
where INFORM-ABORT-AT(X)OF(T) E a, T' is a descendant of T, and ir =

INFORM-ABORT-AT(X)OF(T'). Then air a.

Lemma 89. Let a be a well-formed schedule of a generic object X, and
6 a sequence of INFORM-ABORT-AT(X) operations for transactions in a set
T such that VT E T.(INFORM-COMMIT-AT(X)OF(T) ' a and 3T' E
anc(T).INFORM-ABORT-AT(X)OF(T') E a). Then a6 is well-formed and a6 a.

Proof: By induction on the length of 6. For the base case, let 6 =

INFORM-ABORT-AT(X)OF(T). It is easy to see that a6 is well-formed if a is well-
formed, since an INFORM-ABORT operation for a transaction T may occur at an ob-
ject at any time and any number of times as long as no INFORM-COMMIT operation
for the transaction has occcurred. By the generic object assumption then, a 5 a6.

For the induction hypothesis, assume that the claim is true for 6 length < k.
We'll show that it is true for 6 of length k. Let 6 = 6'ir be of length k, where 7r

is a single INFORM-ABORT-AT(X) operation. By the induction hypothesis, af' is
well-formed and a £ ab'. Also by the induction hypothesis, a6' - a6'r. Since
6r only contains INFORM-ABORTs, and there are no INFORM-COMMITs for the same
transactions, it does not affect other generic object operations with regards to well-
formedness, so Vi7 .(ay well-formed and a6'r-y well-formed) ==> a6' well-formed.
Thus by Lemma 87, a a6. 0

The following is a simple extension lemma for equieffective schedules.

Lemma 90. Let a, /3 and -y be sequences of operations of an automaton A, such
that a-y and /3 are well-formed schedules of A and a /3. Then a-y /3y.

Proof: Easy from definition of equieffectiveness. E

B.3 Aborts Optimized Systems

Aborts Optimized Systems are composed of transactions, generic objects that satisfy
the generic object assumption, and the Aborts Optimized Controller.
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B.4 Simulation of 10 Systems by AO Systems

The weak simulation result of this section says that every AO schedule looks the same
to non-access transactions as an 10 schedule.

For this simulation result, we explicitly define the mapping between states of the
AOC and states of the IOC (in the previous section, the mapping was simpler and
thus left implicit in the lemmas).

Definition 91. The predicate aoc-ioc-map(s, t) relates states s of the AOC to states
t of the IOC as follows:

aoc-loc-map(s,t) =
Vir. abort-map(t)(7r) = desc(amap(s)(ir)) n aborted(s), and
VX. in formed-abort(t)(X) D informed-abort(s)(X), and
All other state components of t = the corresponding components of s.

The following are two technical lemmas used in the proof of Lemma 94 to show
that certain postconditions of the IOC hold under the state mapping.

Lemma 92. Let S, S', 'T, T', and A be sets of transactions such that T = desc(S) n
A, T' = desc(S') n A and S -< S'. Then T C 7".

Proof: Consider any T E T. We want to show that T E T'. T E desc(S) nl A by
assumption. Since S - S', and T is a descendant of an action in S, T must be a
descendant of an action in 5' also. Thus T E desc(S') n A. Thus T E T', as required.
U

Lemma 93. Let T, T' be transactions, and S, 7, and A be sets of transactions
such that T' E prop-desc(T) n A, T = desc(S) fn A, and anc(T') nl S # 0. Then
anc(T') f T nl prop-desc(T) # 0.

Proof: Since T' E A and has an ancestor in S, T' E T also. Then, since T' is a
proper descendant of T, it is easy to see that T' E anc(T') nl Tfnprop-desc(T). Thus
the claim is true. 0

The next lemma states that if the AOC and the IOC are in corresponding states
with an operation r enabled for both controllers, then after both execute 7r, there
will be a next state of the IOC satisfying the state mapping for any next state of the
AOC.

Lemma 94. Let (s'. 7r, s) be a step of the AOC, t' a state of the IOC such that
aoc-ioc-map(s', t') = true and 7r is enabled in state t'. Then there exists a state t of
the IOC such that (t', 7r, t) is a step of the IOC and aoc-ioc-map(s, t) = true.

Proof- Let t be a state of the IOC as follows:
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Vir. abort-map(t)(7r) = desc(amap(s)(ir)) fl aborted(s), and
if 7r= INFORM-ABORT-AT(X)OF(T) then

informed-abort(t)(X) = informed-abort(t')(X) U {T}, and
for all other X, informed-abort(t)(X) = informed-abort(t')(X), and
All other components of t are equal to the corresponding components of s.

We must show that the IOC postconditions are satisfied in state t and that
aoc-ioc-map(s,t) = true.

First we will show that the state mapping holds. For all components other
than informed-abort, the claim follows immediately from the definitions of t and
the state mapping. Now, if -r is not an INFORM-ABORT then by definition of
t. VX. informed-abort(t)(X) = informed-abort(t')(X). By the state mapping,
informed-abort(t')(X) D informed-abort(s')(X). And by inspection of the AOC,
informed-abort(s')(X) = informed-abort(s)(X). Thus informed-abort(t)(X) _D
informed-abort(s)(X), as required. If 7r = INFORM-ABORT-AT(X)OF(T) then for
X' # X, informed-abort(t)(X') D informed-abort(s)(X') for the same reason as
above. For X' = X, informed-abort(t')(X) 2 informed-abort(s')(X) by the state
mapping. By the definition of t, informed-abort(t)(X) = informed-abort(t')(X)U{T}.
By the AOC postcondition on 7r, informed-abort(s)(X) = informed-abort(s')(X) U
{ T}. Thus informed-abort(t) (X) D informed-abort(s) (X), as required.

Now we will show that the JOC postconditions after 7r are satisfied in state t. First
consider the five IOC postconditions that apply to all 7r. The first two conditions
clearly hold since the cmap and committed components of s and t are equal and
the conditions hold for s by the first two AOC postconditions on all 7r. The third
condition holds by Lemma 92 and the third AOC postcondition on all 7r. The fourth
holds by the definition of the state mapping since V7r. abort-map(t)(r) 9 aborted(s)
and aborted(s) = aborted(t). The fifth condition holds by Lemma 93 and the fifth
AOC postcondition on all 7r.

Now consider the postconditions on individual operations, 7r. Clearly, the IOC
postconditions involving the components that are the same in s and t (all except
abort-map and informed-abort) hold for t since they hold for s by the AOC post-
conditions on 7r. The IOC postconditions on abort-map hold by Lemma 92 and the
AOC postconditions on 7r. When ir = INFORM-ABORT-AT(X)OF(T) the IOC post-
conditions on r hold by definition of t. a

Now we want to prove a lemma relating known-vis in the AOC to known-vis
in the IC. Notice that known-vis(s, r) in the AOC is not necessarily a subset of
committed(s). If seq-infer(s, 7r) or conc-infer(s,ir) contains a transaction that has a
proper ancestor in amap(s)(7r) (and thus is an orphan), then that orphaned transac-
tion and its descendants could appear in known- vis(s, r) but not really be committed.
This could happen because the cmt-closurc function only checks for aborted ances-
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tors up through transactions in the set over which the closure is being taken. If the
aborted descendants of an transaction in the set are represented in the abort set by
an ancestor above that transaction, cmt-closure will not notice it. What this means

in the execution of the controller is that the controller could block on a CREATE oper-
ation that has this kind of known-vis set. The CREATE would never become enabled
since it would be waiting for INFORM-COMMITs that could never occur. However, it
is easy to see that any such CREATE is an operation of an orphan itself, and thus we
do not care if the operation is never enabled. (Since the seq-infer and conc-infer sets
contain only children of proper ancestors of the transaction being created, if trans-
actions in those sets have proper ancestors in the amap then so does the transaction
being created). In the actual protocol, we will not "block" but instead make a pos-
sibly incorrect inference. This inference would only be seen by a transaction that
is an orphan. However we cannot then claim that the eager diffusion semantics is
guaranteed for orphan transactions. Note that the orphan is detectable as such based
upon information in the aborted set. Thus we could detect and kill the orphan before
it sees any incorrect inferences.

Lemma 96 says that known-vis in a state of the AOC during some execution
contains strictly more information that known-vis in a corresponding state of the
IOC. To prove this we first prove one more small lemma about a property of cmt-
closure.

Lemma 95. Let C, A 1, A 2, and R be sets of transactions, where A 2 g A1 . Then
cmt-closure(C, A,, R) g cmt-closure(C, A 2, R).

Proof: Expanding the definition of cmt-closure, we need to show

C n desc(R) n non-orphans(Al, R) C C n desc(R) n non-orphans(A2, R).

Looking at the definition of non-orphans it is clear that when A 2 C A 1 that
non-orphans(Al, R) C non-orphans(A2, R). Thus the claim holds. N

Lemma 96. Let s be a state of the AOC such that Vr. amap(s)(r) _ aborted(s),
t a state of the IOC such that aoc-ioc-map(s,t) = true, 7r an operation such that
has-occurred(s, 7r) = true. Then known-vis(t, 7r) C known-vis(s, 7r).

Proof: We will show that

cmt- closure(created (t), abort-map(t)(r), seq-infer( t, ir))
C cmt-closure(created (s), amap(s)(7r), seq- infer(s, r),

and that the same holds if conc-infer is substituted for seq-infer. This then implies
the desired result.
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It is easy to see from the definitions that seq-infer(t,7r) = seq-infer(s,r) and
conc-infer(t,ir) = conc-infcr(s,ir). By the state mapping, abort-map(t)(7r) =

d(sc(amap(s)(7r)) n aborted(s). Since amap(s)(ir) _ aborted(s), abort-map(t)(7r) _
amap(s)(7r). Also, by the state mapping, created(s) = created(t). The result then
follows by Lemma 95 and the definition of known-vis. U

Our last theorem says that the AO System looks the same to every non-access
transaction as the corresponding 10 System, in that anything a transaction can see
in a schedule of the AO System it could see in some schedule of the 10 System. In
fact. we prove that given any AO Schedule, there is a single 10 Schedule that looks
the same to every non-access transaction.

Theorem 97. The AOC simulates the IOC in the following sense. Let a be
a schedule of the AO System (AOC, transactions, generic objects) and let the
generic object assumption hold for all generic objects. Then there exists a sched-
ide 3 of the 1O System (10C, same transactions and generic objects) such that:
VT non-access transactions.a IT = 0 1 T, and VX generic objects.0 I X a I X.

Proof: By induction on the length of AO System schedules. What we will actually
do is construct a sequence of 10 System operations 13 such that for a an AO System
schedule, and s a state of the AOC after a:

I. 3 is a schedule of the 1O System, and

2. VT.ctIT =OT, and
:3. VX.3IX a aIX, and

-1. 3t a state of the IOC after J.aoc-ioc-map(s,t), and

5. .3 differs from a only in that 3 may contain extra INFORM-ABORT operations for
transactions in aborted(s).

The base case, a of length 0 is trivial. For the induction hypothesis, assume the
claim is true for a of length < k. We'll show that the claim holds for a of length k.

Let a = a'r be an AO System schedule of length k, where 7r is a single operation.
Let s' he a state of the AOC after a' such that (s',r,s) is a step of the AOC. By
the in(iction hypothesis, there exists an 10 System schedule 0' such that VT.a' I T =

7' . VX.13' I X of' X, and t' a state of the IOC after 0'.aoc-ioc-map(s', t'). Now
we'll consider cases for 7r depending upon which system component outputs 7r.

0 7 is an output of a transaction T
Let 3 = 0'7r.

1. By assumption, a'7r is a schedule of the AO System, so a'r IT is a schedule
of T. By the induction hypothesis, 13' T = a' T. So clearly, 9'7r I T is a
schedule of T. Also by the induction hypothesis, fl' is a schedule of the 10
System. Thus, by Lemma 1, 3'7r is a schedule of the 10 System.
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2. It follows easily from the induction hypothesis that VT'.a'ir I T' = 0'ir I T'.

3. Since 7r is not an operation of any object, and VX.0' I X " a' IX, clearly
IX '7 , X 5 'rI X.

4. By assumption, (s', 7r, s) is a step of the AOC. By the induction hypothesis,
aoc-ioc-map(s', t') = true. Since 7r is an output of a transaction, it is an input
to the IOC so clearly 7r is enabled in t'. Thus, by Lemma 94, there exists a
state t of the 1OC after #3'r.aoc-ioc- map(s, t).

5. Immediate from induction hypothesis.

9 7r is an output of a generic object X.
Let 0 = O'ir.

1. By assumption, a'r is a schedule of the AO System, so a'i" I X must be a well-
formed schedule of X. The induction hypothesis implies that if a'r I X and
0'r" I X are well-formed sequences of generic object operations, and a'ir I X is
a schedule of X then #'7r I X is a schedule of X (by the definition of equief-
fective). Since a'ir is a schedule of the AO System, a'7r I X is a well-formed
sequence of generic object operations. By the induction hypothesis, 0'7r I X
differs from a'ir I X only in that the former may contain extra INFORM-

ABORT operations for transactions in aborted(s'). By the state mapping,
aborted(t') = aborted(s'). Since no INFORM-COMMIT operation may ap-
pear occur for a transaction that is aborted, these extra INFORM-ABORTs

do not affect well-formedness for sequences of generic object operations, and
0'7r I X must also be a well-formed sequence of generic object operations.
Thus 0'r I X is a schedule of X. Then by Lemma 1, 3'7r is a schedule of the
10 System.

2. It follows easily from the induction hypothesis that VT.a'ir IT =6'r I T.

3. By the induction hypothesis, VX'.f' X' - a' X'. For X' # X, it is easy to
see that 0'7r I X' ' a'ir I X'. For X' = X, we proved in 1 above that #'7r I X
and a'ir IX are schedules of X. Thus by Lemma 90, 0'ir I X - a'" I X.

4. By assumption, (s', ir, s) is a step of the AOC. By the induction hypothesis,
aoc-ioc-map(s',t') = true. Since ir is an output of a generic object, it is an
input to the IOC, so 7r is enabled in t'. Thus by Lemma 94, there exists a
state t of the IOC after 0 'r such that aoc-ioc-map(s,t) = true.

5. Immediate by induction hypothesis.
7 i" is an output of the AOC but 7r -f CREATE(T) for T an access.
Let 0 = 0'7r.

1. By the induction hypothesis, 0' is a schedule of the IO System, and so is
also a schedule of the IOC. It is easy to see from the definition of the state
mapping and inspection of the AOC and IOC preconditions that since 7, is
enabled in state .s' then ir is enabled in state t'. Thus 0'7r is a schedule of the
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IOC and, by Lemma 1 it is also a schedule of the 10 System.

2. It follows easily from the induction hypothesis that VT.a'ir IT = 0'7r IT.

3. By the induction hypothesis, VX.0' IX 2 a' X. If 7r is not an operation of
X, it is easy to see that 0'7r I X z a'r IX. If 7r is an operation of an X.

then since /3'r is a schedule of the 10 System, 3'ir iX must be a schedule of
X. Also, since a' r is a schedule of the AO System then a'r IX must be a
schedule of X. Thus by Lemma 90, 0'7r I Xn - a'ir I X.

4. By assumption, (s, r, s) is a step of the AOC. By the induction hypothesis,
aoc-ioc-map(s'. 1') = true. By 1 above, 7r is enabled in t'. Thus by Lemma 94,
there exists a state t of the IOC after 0'7r such that aoc-ioc-map(s, t) = true.

5. Immediate by induction hypothesis.

Sr = CREATE(T) where T is an access to X
Let /3 = /Y'br where b is a sequence of INFORM-ABORT-AT(X)OF(T')
operations, one for each T' E (abort-map(t')(REQUEST-CREATE(T)) -

amap(s')(REQUEST-CREATE(T))). Let t" be a state of the IOC after 3'6 that
is reachable from t' by executing 6. (We will show in step 1 that t" exists.)

1. By the induction hypothesis, /' is an 10 System schedule and hence an IOC
schedule. For every 0 E 6, To E aborted(t') since Vir. abort-map(t')(7r) C
aborted(t') by the IOC postconditions on all 7r and the monotonicity of the
aborted set. Thus, after 3', each operation in 6 is enabled in turn and '6

is an IOC schedule (and so t" exists). Looking at the IOC postconditions
on INFORM-ABORT t" simply has an informed-abort set that is a superset
of t"s. Thus since aoc-ioc-map(s',t') = true, aoc-ioc-map(s',t") = true
also. Now we need to show that 7r is enabled in t". For brevity, let 0 =
REQUEST-CREATE(T). By Lemma 96, known-vis(t", 0) g known-vis(s', 4).
(The Lemma applies because, by well-formedness, has-occurred(s', 4$) must

be true if r is enabled in s'. It is easy to see from the state map-
ping that has-occurred(t",O4) must also be true then. The condition on
amap(s') holds by the AOC postconditions on all operations and the mono-
tonicity of the aborted set.). Since 7r is enabled in s', known-vis(s',$) C
informed- commit (.s') (X). By the state mapping, informed-commit(s') =
informed-commit(t"). Thus known- vis(t", $) _ informed-commit(t"). By
the AOC preconditions on CREATE amap(s')($) C informed-abort(s')(X).
Thus, by the state mapping, amap(s')($) C informed-abort(t")(X). By
construction, abort-map(t")($) - amap(s')($) g informed-abort(t")(X). So
abort-map(t")(p) C informed..abort(t")(X) and 7r is enabled in t". Since /3'6
is an IOC schedule, then 0'67r is an IOC schedule and also an 10 System

schedule by Lemma 1.

2. It follows easily from the induction hypothesis that, VT.o'ir I T = /3'br I T since
6r contains no operations of T.
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3. VX' # X.(a'IX' = a'irIX' and /'IX' = 0'67irIX') so VX' :# X.a'irIX' -

/3 6r I X'.
By the induction hypothesis, aoc-ioc-map(s', t') = true, so

abort-map(t') (REQU EST-CREATE(T)) =
desc(amap(s')(REQUEST-CREATE(T)) n aborted(s')

Thus amap(s')(REQUEST-CREATE(T)) contains an ancestor for every trans-
action in abort-map(t')(REQUEST-CREATE(T)). By the AOC precondi-
tions for CREATE, INFORM-ABORT-AT(X)OF(T') occurs in a' for each T' E
amap(s')(REQUEST-CREATE(T)). By the induction hypothesis, 0' also con-
tains these INFORM-ABORTs. All INFORM-ABORTS in 6 will be for de-
scendants of transactions in amap(s')(REQUEST-CREATE(T)). Then by
Lemma 89, 0' I X 2 0'6 1 X. By the induction hypothesis, a' X C 0'1 X.
Since 6 contains only INFORM-ABORTS for aborted actions, it is clear that
V-Y.(a"y I X well-formed and #'6- well-formed) ==* 3'-y well-formed. Thus,
by Lemma 87, a'l X P'b6 I X. By assumption, a'ir I X is a schedule of X.
Since 3'67r is an 10 System schedule (by 1 above), O'b7r IX is a schedule of
X. Thus by Lemma 87, a'ir IX /'6ir I X.

4. By assumption, (s', r, s) is a step of the AOC. As shown in 1 above,
aoc-ioc-map(s', t") = true and ir is enabled in t". Thus by Lemma 94, there
exists a state t of the IOC after #'67r such that aoc-ioc-map(s, t) = true.

5. This follows by the induction hypothesis, and the fact that
abort-map(t') (REQU EST-CREATE(T)) _ aborted(t').

B.5 AO Systems and Eager Diffusion
It turns out that the result stated in Theorem 97 is not quite what is needed to prove
that AO Systems guarantee eager diffusion. Here we develop a notion of equiinfor-
mative sequences of operations, and indicate what must be done to prove that AO
Systems guarantee eager diffusion using this notion. While we have not worked out
all the details of a proof that AO Systems guarantee eager diffusion, we have worked
out enough that we believe the rest to be straightforward.
Definition 98. Let a and / be sequences of generic operations. We say that a is
equiInformative to 3 if a and /3 differ only in that / may contain additional operations
INFORM-ABORT-AT(X)OF(T), where 3T' E anc(T).INFORM-ABORT-AT(X)OF(T') oc-
curs previously in / and also occurs in a.
Lemma 99. Let a and / be generic schedules, T, U E accesses(X), and a IX be
equiinformative to / 1X. Then /3F- C(U, T, X) =- a £(U, T, X).

Proof:
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/3 I- £(U, T, X) LfCREATE(U) E ,3
(U is locally-visible at X to T in /) or
(3U' E anc(U).INFORM-ABORT-AT(X)OF(U') E /3).

Assume CREATE(U) E /3. Note that CREATE(U) E a also by the equiinfor-
mative assumption. If U is locally-visible at X to T in 3 then U is locally-
visible at X to T in a since a and /3 contain the same INFORM-COMMITs at
X. Otherwise, let U' E anc(U) such that INFORM-ABORT-AT(X)OF(U') E #. If
INFORM-ABORT-AT(X)OF(U') E a then we're done. Otherwise, by the equiin-
formative assumption, 3U" E anc(U').INFORM-ABORT-AT(X)oF(U") E a. Since
U" E anc(U) also, we're done. m

Theorem 100. Let S be an implementation of a generic system such that:

V schedules a of S.3 a GKS schedule /.
(VT.a I T = /3lT) and (VX.a I X is equiinformative to 3 1 X)

Then, S satisfies eager diffusion.

Proof: We want to show:

V schedules a of S ending in CREATE(T), for T E accesses(X) and T is not orphaned in a.
VU E accesses(X).a I- KT(g(U,T)) ==* a h C(U,T,X).

The plan is as follows. Fix a particular a and 3. Let /3' be the prefix of 3 ending in
CREATE(T). (We can easily show that 3' exists from the hypotheses of the theorem.)
We will show:

P1. /'lIT= IT,
P2. VU E accesses(X).a -- KT(Q(U, T))=, /' - KT(9(U, T)), and

P3. VU E accesses(X).3' I- £(U,T,X) * a h C(U,T,X).

Then we can conclude that VU E accesses(X).a F KT(g(U, T)) a - C(U, T, X)
based on the result of Theorem 18.

P1: By well-formedness, /'l T = aIT = CREATE(T).
def

P2: Fix any U E accesses(X). a - KT(g(U,T)) = V generic schedules -.- yT =
a T ; * -- g(U,T).
Since /3'IT alT, {- : 7IT = aIT} = {-y: yIT Y='T}.
The result then follows by substitution.

P3: If we can show that a IX is equiinformative to /'l X then Lemma 99 gives
the result. Let f3 = '6. Since a IX is equiinformative to #I X, and a ends
in CREATE(T), 6 I X can only contain INFORM-ABORT-AT(X) operations for
transactions U' such that a contains an INFORM-ABORT-AT(X)OF(U") for some
U" E anc(U'). Since a contains the INFORM-ABORT for the ancestor, so does 3'.

Thus a I X is equiinformative to 3 IX.
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It remains to prove that AO Systems have the property required in the statement
of Theorem 100. While this does not follow directly from Theorem 97, we can modify
that theorem by replacing - with equiinformative in the statement, and by modifiying
the proof to include the equiinformativeness requirement in the induction hypothesis.
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